
NOVEL APPROACHES FOR DETERMINATION OF DEGREE OF 
ASSOCIATION OF COAL-DERIVED PRODUCTS BY VAPOR PRESSURE OSMOMETRY 

W.C. Lee, I. Schwager, T.F. Yen 

University of Southern California, Chemical Engineering Department 
University Park, Los Angeles, California 90007 

INTRODUCTION 

Vapor Pressure Osmometry (WO) molecular weights of coal-derived as- 
phaltenes obtained from coal liquids produced in five major coal liquefac- 
tion demonstration processes have been determined as a function of concen- 
tration in the solvents tetrahydrofuran (THF) and benzene (1). It was shown 
that association of coal-derived asphaltenes takes place in both solvents 
over the concentration range of 4-36g/l. In this study, the W O  mole- 
cular weights of the same asphaltenes have been obtained over a wider con- 
centration range of 4-60g/l and a self-association model of asphaltenes in 
solution has been derived and the dissociation constants, one for the dis- 
sociation of dimeric complexes and one for the dissociation of higher or- 
der complexes, have been calculated with the aid of a modern computer. 

This is the first time that VPO has been used to quantitatively cor- 
relate the degree of association of coal-derived asphaltenes in solution, 
although a number of other techniques have been used in the past (2-8, 13, 
14). 

THEORETICAL 

In order to investigate the self-association of phenol in carbon 
tetrachloride solution, Coggeshall and Saier (2) carried out an IR study 
of the hydroxyl stretching region of phenol and dbtained very good agree- 
ment between theory and experiment by using two equilibrium constants. 
They derived the following two expressions: 

L J 
where 

n = integer 
a 

a = fraction of .monomer unassociated 
C = concentration in moles per liter 
K1 = dissociation constant of dimer 
E = dissociation constant of all other polymers =Kz=K 3... 
K = 2a' C / ( 1  - a) 
If C is the initial concentration of monomer before any association, 

and the molecular weights are Mo, ZMo, ~ M o ,  ... and nMo. 

= fraction of monomer bound in nth polymer 

at equilibrium the concentrations of monomer, dimer, trimer, etc., are C, 

2, y,... 
2 3  n 
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Since the molecular weight measured in VF'O is the number average molecular 
weight, it is given that 

a C  Mo aC + 2Mo + 3Mo 9 + ... 4- nMo n 
mobs = 2 3 n 3) 

c *[a + a+ + ... + 2 n 
3 " I  

where mobs is the number average molecular weight from VPO. 
With the use of the relationship 1 an = 1, 1' 

1 - x  
Equation 1, one may simplify Equation 3 and get 

=1 + x + xz + ..., and 

Mo 

4 )  

In theory, the equilibrium constants K and K1 can be obtained by s o l -  
ving Equations 2 and 4 simultaneously at two different concentrations. The 
approach will be discussed in the next section. 

EXPERIMENTAL 

Coal-derived asphaltenes were separated by solvent fractionation (9, 10) 
from coal liquids produced in five major demonstration liquefaction processes: 
Synthoil, HRI H-Coal, FMC-COED, Catalytic Inc. SRC, and PAMCO SRC. 

A Mechrolab Model 301A Vapor Pressure Osmometer was used to determine 
molecular weights with benzil employed as a standard. Both the non-aqueous 
probe and the thermostat were designed for 37'C. In normal runs, 6-8 mole- 
cular weights over the range 4-60 g/l were measured in the solvents benzene 
or THF. 

A modern computer was used to solve the calculation problem according 
to the following steps: 

!a) 
(b) Calculate for a and B at two concentrations, C, and Cz, from Equa- 

Assume values of K and K1. 

tion 4 where mobs is the molecular weightfrom VPO. 
concentration is C1, the fraction of monomer unassociated at e- 
quilibrium is a, and when the concentration is Cz, it is 8.  

When the 

(c) Substituting Cl, C z ,  a and B into Equation 2 and get 
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Since K is independent of concentration, by combining Equations 5 and 
6 ,  it is given that 

(d) Solve Equation 7 for K1 by the Newton-Raphson method. 
(e) Calculate K from Equation 5 -or 6 .  
(f) 

(g) 

Repeat the same procedures until the calculated values of K and KI 
are close enough to the assumed values. 
Using the equilibrium constants obtained above the molecular weights 
over the concentration range of 4-65 g/l can be calculated based 
on this model. The fraction of monomer unassociated at each concen- 
tration is obtained by solving Equation 2 and the fraction of 
monomer bound in any degree of polymer can be also obtained from 
Eqnation 1. 

A number of different equilibrium constant pairs, K and K1, have been 
tried for five asphaltenes in benzene. 
standard deviations between the experimental and calculated molecular weights 
have been chosen. 

RESULTS AND DISCUSSION 

The ones which afford the minimum 

The VPO molecular weights for all five coal-derived asphaltenes, 
in benzene are shown in Figs. 1 to 5 .  The results indicate that association 
of coal-derived asphaltenes takes place in both solvents over the concentra- 
tion range of 4-60 g/l. The calculated equilibrium constants, together with 
the standard deviations are summarized in Table I where the X Dev. is defined 
as: 

x 100% Standard Deviation of MW 
MW of Monomer 

All % Dev. values are less that 5.5%. 
model is efficient in describing the self-association of asphaltenes from five 
different processes in benzene and THF. 
fraction of monomer and monomer bound in dimer and trimer are also plotted in 
Figs. 1 to 5 for the five asphaltenes. 

and Mo/a This agrees with the experimental 
results obtained from VPO and reported in Reference (1) that molecular weight 
values found in different solvents, by extrapolating the plots to infinite 
dilution are in accordance. 
approximate the true monomer molecular weights and were used as Mo throughout 
this study. 

of techniques (3-8) and the mechanism of self-association has been described 
largely in terms of electronic association. 

This suggests that this two parameter 

The calculated molecular weights, 

It is interesting to note from Equation 4 that webs A Mo/a as C j 0 
Mo since a -1 as C 4 0. 

These infinite dilution molecular weight values 

The association of petroleum asphaltenes has been studied by a variety 

The mechanism of bonding in coal- 

39 



derived asphaltenes is important and is under study (11). The associa- 
tion of these species has been reported in terms of hydrogen bonded com- 
plexes which can be separated into acidic and basic components (12). 
hydrogen bonding of these two components and some model complexes has been 
further studied by NMR (13,14). Unfortunately, all of the reports on 
coal-derived asphaltenes contain only qualitative results. However, these 
studies tend to support the self-associationmodel derived here, since 
it is very likely that in solution dimer could be formed through the bond- 
ings between the acidic proton and basic nitrogen or oxygen of two mole- 
cules or trimer could be formed through the bondings between those of three 
molecules. The association of monomer into dimer, trimer in solution de- 
pends on the solvent used. It is more significant in the less polar sol- 
vent benzene than THF, so the variation of molecular weights vs. concen- 
tration in benzene is greater. 

tion of the polymers can be calculated from equilibrium constants at various temp- 
eratures and the mechanism of the bonding can be studied. This is the first time 
that V P O  has been used to quantitatively correlate the degree of association of 
coal-derived asphaltenes in solution. 

asphaltenes in benzene,it is found that Synthoil and PAMCO SRC asphaltenes 
have stronger association between molecules while FMC-COED and Cat. Inc. 
SRC asphaltenes have less. The equilibrium constants in THF are generally 
larger than in benzene, since THF is more polar solvent and tends to dis- 
sociate the asphaltene molecules as they are dissolved. But this disso- 
ciation tends to go to completion in either solvent at infinite dilution. 

The curves labeled 1,2,3 in Figs. 1to 5 show the distribution of 
asphaltene between monomer, dimer and trimer as a function of total as- 
phaltene concentration. For example, if 20 gm of Cat. Inc. SRC asphaltene 
is dissolved in 1 1 benzene at 37"C, the fractions of monomer, dimer and 
trimer are 0.70, 0.18, 0.07 (from Fig. l), while the remaining 0.05 is con- 
tained as polymers higher than trimer . 
dimer and trimer can be calculated and are: 

The 

This study is significant because, based on this model, the heat of forma- 

Comparing the equilibrium constants Kl and K of these five different 

The concentrations of monomer, 

concentration of monomer (molesll) = 2O x 0.7 =2.9 x 1Ou2M 

concentration of dimer (molesll) = - x 0.18 x = 3.7 x 10-3M 

concentration of trimer (molesll) = - x 0.07 x = 9.7 x 10-'M 

If the rest is assumed tetramer then concentration of tetramer (molesll) = 

483 
20 
483 
20 
483 

- 20 o.05 I,& = 5.2 where the number 483 is the molecular weight 
483 

of monomer. 

asphaltene existing as the dimer reaches a maximum, and then decreases, and 
higher multimers become increasingly important. In highly concentrated so- 
lutions these larger multimers start to precipitate. Evidence for associa- 
tion of monomeric asphaltenes into 4-6 average layers in the solid state has 
been found by x-ray diffraction spectroscopy (15). 

In benzene solution, as the concentration increases, the fraction of 
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On t h e  D i s t r i b u t i o n  o f  Organic S u l f u r  Funct ional  Groups i n  Coal. 

Amir A t t a r  and Francois  Dupuis, Department of  Chemical Engineer ing,  
Univers i ty  of  Houston, Houston, Texas 77004. 

1. SULFUR IN COAL 

1) inorganic  s u l f u r  and 2) organic  s u l f u r .  I n  t h e  c l a s s  of  i n o r g a n i c  s u l f u r ,  
T r a d i t i o n a l l y ,  t h e  s u l f u r  i n  coal has  been considered i n  two c l a s s e s :  

two types  o f  compounds were considered:  The 
organic  s u l f u r  i s  a l l  t h e  s u l f u r  which i s  connected t o  t h e  hydrocarbon mat r ix .  
Standard a n a l y t i c a l  t echniques  ( 1 ) ( 2 ) ( 3 )  a r e  used t o  e s t i m a t e  t h e  concent ra t ion  
o f  each c l a s s  of  s u l f u r  i n  coa l  samples. 

The inorganic  s u l f u r ,  which i s  mainly i r o n  p y r i t e ,  FeSZ, i s  p r e s e n t  i n  t h e  
form of i s o l a t e d  c r y s t a l s .  
t h e  coa l  by s imple p h y s i c a l  s e p a r a t i o n .  
removed from c o a l  o n l y  i f  t h e  chemical bond between carbon and s u l f u r  i s  broken. 
The chemistry,  t h e  thermodynamics and t h e  k i n e t i c s  of  t h e  r e a c t i o n s  of  s u l f u r  i n  
coa l  have been reviewed r e c e n t l y  (4) (5) ( 6 )  and t h e  r e a d e r  i s  r e f e r r e d  t o  t h e s e  
manuscripts  f o r  d e t a i l s .  

from t h a t  o f  t h e  o r g a n i c  s u l f u r .  Moreover, s i n c e  t h e  organic  s u l f u r  i s  p r e s e n t  
i n  t h e  form of d i f f e r e n t  f u n c t i o n a l  groups,  each f u n c t i o n a l  group r e a c t s  a t  a 
d i f f e r e n t  r a t e  (6) ( 7 ) .  
2.  ORGANIC SULFUR FUNCTIONAL GROUPS IN COAL 

and on t h e i r  d i s t r i b u t i o n  h a s  been der ived  by d i r e c t  observa t ion  on c o a l .  
it i s  p l a u s i b l e  t o  assume t h a t  t h e  organic  s u l f u r  i s  p r e s e n t  i n  coa l  i n  t h e  same 
types  of s u l f u r  f u n c t i o n a l  groups t h a t  can be found i n  o i l s  and i n  o t h e r  organic  
s u l f u r  conta in ing  molecules .  
o rganic  chemistry is a p p l i e d  t o  t h e  s u l f u r  i n  c o a l ,  w e  can say  t h a t  t h e  organic  
s u l f u r  groups i n  coa l  r e a c t  i n  t h e  same way as  t h e i r  low molecular  weight homo- 
logs  and produce t h e  same types  of r e a c t i o n  products .  
RSH, can be reduced by hydrogen t o  hydrogen s u l f i d e ,  H2S: 

t h e  d i s u l f i d e s  and t h e  s h f a t e s .  

P a r t  o f  t h e  FeS2 p a r t i c l e s  a r e  u s u a l l y  separa ted  from 
However, t h e  organic  s u l f u r  can b e  

The chemistry of  t h e  r e a c t i o n s  of  FeS2 and t h e i r  r a t e  a r e  obvious ly  d i f f e r e n t  

Very l i t t l e  d a t a  on t h e  f u n c t i o n a l  groups i n  which t h e  organic  s u l f u r  appear  
However, 

Moreover, i f  a genera l  r u l e  t h a t  a p p l i e s  throughout  

For example, o r g a n i c  t h i o l s ,  

R - SH + H2 + RH + H2S (1) 

Thus, a l l  t h e  t h i o l s ,  i r r e s p e c t i v e  of t h e  s i z e  and t h e  shape of t h e  r a d i c a l s ,  R ,  
can be reduced by H2 t o  RH and HzS. 
may, however, e x i s t  f o r  d i f f e r e n t  R ' s .  

Var ia t ions  i n  t h e  r a t e  of  t h e  reduct ion  

The most impor tan t  s u l f u r  f u n c t i o n a l  groups i n  coa l  a r e  be l ieved  t o  be :  
1. d e r i v a t i v e s  o f  thiophenes and a l k y l  thiophenes 

The most important  p a r e n t  s t r u c t u r e s  a r e :  

Thiophene Thianaphene Dibenzothiophene 

2 .  a r y l  s u l f i d e s :  A r -  S- A r  ' 
3 .  a l i p h a t i c  s u l f i d e s :  R-S-R 
4. cyc lo  s u l f i d e s ,  e .g . ,  
5. th iaphenoles  
The presence o f  d i s u l f i d e s ,  s u l f o x i d e s ,  and s u l f o n e s  were never  demonstrated.  

I t  i s  be l ieved  t h a t  d i s u l f i d e s  and s u l f o x i d e s  a r e  too  u n s t a b l e  t o  s u r v i v e  t h e  
c o a l i f i c a t i o n  process .  Most of t h e  organic  s u l f u r  i s  p r e s e n t  i n  t h e  forms of  
thiophenes and a l k y l ,  a r y l ,  and c y c l i c  s u l f i d e s  ( 4 ) ( 5 ) ( 6 ) ( 7 ) .  Most of  t h e  
information was o b t a i n e d  from examination of  t h e  s m a l l e r  molecular  products  
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idiicli were o i , ~ a i n c d  Iiy hrcaking t h c  org;inic coal mat r ix  (dcpoly~i ic r iz :~ t ion) .  
Olivjnusly, t h e  Lcclliiiquc which i s  used t o  dcpolymcrizc tlic coal  would have a 
de te r in i l l i s t ic  e f f e c t  011 t h c  r c s u l t s ,  s ince  d r a s t i c  dcpolymcriznt ion tcchniques  
i i i i~y cli;iiigc t h e  structures of  tlic s u l f u r  c o n s t i t u e n t s  a s  wcl I a s  t h a t  o f  the 
Iiydriicarl,on I ia r t s .  
(1oiind i i i  the o l d e r  I i t c r n t u r c  (8) (9)  (10) (11) ( 1 2 ) .  
su l f i i r  groi i i is Ii;ivc rccci i t ly  hccn d iscussed  by A t t a r  and Corcoran (7). 
3 .  'l'lll! I'R I N C :  I I 1 L l  01: 'HIE PROPOSE[) FIE1'1101) 01: ANALYSIS 

h l  I [ ~ I C  s u l f u r  groups i n  coal can b c  rcduced by 

Scvcral  rcvjcws of  t h c  chemistry o f  sulfur i n  coa l  can bc  
Some a s p e c t s  o f  the  organic  

__ 
. .  

s u l f i d e ,  112s: 

1:cs2 + 1 1 2  .b FCS + 1I2S 

I:cs + 11. -+ 1:c + I I  s 2 2 
[ ( -S- l< '  + 211 

Ai.-S-Ar' + 211, -+ A r l l  + Ar'll + 11,s 
-+ KI1 + R'11  + i12S 

2 

+ I l l 2"  C4111" + I12S 

I;;ICII o~ i i icsc rc:ictions has a givcn a c t i v a t i o n  cncrgy and a frequency f a c t o r  
wl i i c l i  vary i l l  a I i n i i  t cd  r m g c  f o r  cach y r o u p  of  s u l f u r  compounds, whcn t h e  
s t r u c t u r e  ol' tlic orfi;~iiic radic;r1 i s  chnngcd. Othcr rcducing agcnts  which c o n t a i n  
liydrrig(,ri c:iii l jc iiscd w i  tli t h c  sainc c f f e c t i v c  r c s u l t s :  

'I'IiCsc oliscrvat ions l e a d  t o  t h e  fol lowing important  dcduct ions :  I .  I f  t h c  
:ictiv:itioii c i i c r yy  Ilai and t h e  frcqucncy f a c t o r  A i  f o r  t h e  r a t c  of  rcduct ion  of  
tlic i - t l i  I'iiiict.ivn;iI g r o u p  a r e  dctcrmincd,  tlic i-th group i s  trniqucly c h a r a c t e r i z e d .  
111 otlicr words, :I p ; ~ r t i c u l a r  value of E : i i  and A i  can bclong only t o  t h e  i - th  
!:roii]i, a n d  t l i c rc forc  tlicy dcf i l lc  t h e  i - t h  group and 
t I i ; i L  cvoIvc5 w l i c i i  tlic i - t h  g roup  is rcduccd i s  prvlmrtion:iI to t h e  amount of  t h c  
i - t l i  s i i I f u r  gi'uuli that. has bccii rcduccd. 
i n  tlic s:iiiililc W;IS rcduccd, thcn the  amount of  112s t h a t  evo lved  is p r o p o r t i o n a l  
t o  tlic :imouiit o f  tlic i - t h  group i n  t h e  sainplc. 

I n  order t o  I I C  a b l c  to dctcrminc tlic t o t a l  amount of cach s u l f u r  group i n  a 
f ixed s;i i~ipIc n f  c o a l ,  tlic fol lowing prohIcnis liavc t o  bo solvcd:  

I .  l lov t v  dctcriiiinc tiic : i c t iva t ion  cncrgy and t h c  frcqucncy f a c t o r  f o r  cach 
S U I  t-ur gro i ip .  

.?. l l n w  t o  q i i ; int i t : i t ively rcducc a l l  t h c  s u l f u r  i n  a coal sample t o  II S and 
how t o  dctcr'mi~ic i t s  : i m o u n t .  

' I ' I I c  : ict  ivatiiiii  ciicrgies :iiirl tlic frequcrlcy f a c t o r s  can tic detcrniincd u s i n g  
~liiIltJ!rli i~icLIi~id. 

2 .  l'lic r x a c t  ; ~ ~ n o u n t  o f  112s 

I f  ; i11  t h c  :nnount o f  tlic i - t h  group 

2 

Jii i i tgcii  nictliod and t h c  inictliods which we proved t h a t  can  bc used 
.cd i n  tlic ncxt scc t io i i s .  
(EIINIITION 01: E a i  ANI) A i  

o i i ta ins  n i'ixcd q u a n t i t y  of sulfur  i n  the form of  
I.ct us ;1ssiinic t h : ~ t  c:ich grou[l c a n  hc rCdUCcd t o  ( l i  f'fri.ciit f'lliict ioii:~ I j:roups. 

I iy ;I I ' i  r s t  v i . Jc r  r w c t  ion. ]:or cx:implc, cons idcr  tlic r rduc t ion  of tlic a l i p h a t i c  
s i l l  f ides :  

(8 1 

'I'iic iriclcx 1 W : I ~  I I S C ~  t o  dcriotc t h e  s u l f i d i c  Functional g roup ;  I < -S - I t ' .  l . c t ' s  
;ISSIIII~C Furthcr  t1 i : i t  tlic r a t c  c o n s t a n t ,  k l ,  depends on tlic temperature  according 
L O  A r r l i c i i i l l s  ci~rr:ition: 
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:I 1 
l i  

ICI' k l = A c  1 

whcrc A I  is  the frcqiicncy f a c t o r  and E,1 the  ac . t iva t ion  energy f o r  t h e  r e d u c t i o n .  
' I l l C l l  : 

'l'lic I.:IIC co i i s t  ; l i l t  o f  t h e  rcduct ion  bccomcs l a r g e r  a t  higher tcn1pcr:iturcs. " h a t  
III~:III~ th:it. tlic I-ntc of d c p l c t i o n  of  s u l f i d e  bcconics l a r g e r  a t  h igher  tempera tures .  
'I'Iic r : i t c  (if r v o l i c t i o n  of  l12S from a sample with a f i x e d  a~ncrtint of t h e  s u l f i d e ,  
~ I i i c I i  t e ~ ~ ~ p c r ~ ~ t i ~ r e  is gradual ly  increased ,  w i l l  i n c r e a s e  i n i t i a l l y  due t o  t h e  
i n c r c ; ~ s c  i n  tlic t c ~ i ~ p e r a t u r c ,  but s i n c e  tlic concci i t ra t ion o f  t h e  s u l f u r  i s  deple ted  
i i i  t h e  proccss ,  due  t o  t h e  evolution o f  I I ~ S ,  t h e  r a t c  w i l l  begin t o  decrease  a f t e r  
ii icrst  O F  tlic si11 I:ur was rcduccd. 'Ihc matliernatic;~l equat ion  which d e s c r i b e s  the  
r:it-c ut' C V O ~ I I I  io11 o f  gas a s  a func t ion  O F  t h c  tcnil)crrttl~re of ttic sample, where 
t l i c  t r ~ n p c r : i t ~ ~ i ~ ~ ~  is  incrc:lscd I incar ly  wi tli t h e  time were dcvcloped by Juntgen 
( 1 3 )  ( 1 4 ) .  Sulqiosc t h a t  tlic tc inpcrature  i s  increased  according t o :  

wlicrv '1" is Llic i 1 i i t i : i l  tcmpcr:iturc (OK), a t h e  rate .of hc;iting, "K/min, and t 
t l i c  tiiiic, III~II. 

rcduccd, fo  I I < w s  tlic equat ion:  
'I'licii t h e  V O ~ I I I I I C  o f  I lzS, V i ,  t h a t  evolves  whcn t h e  i - t h  group i s  

wlivrc V i m  dci i t r tcs  tlic t o t a l  voli~nie o f  111s t h a t  w i  1 1  cvolvc :IS :I r c s u l t  of  t h e  
c o i i i p l L ~ t r  rcd~ictioii  of thc i - t h  group.  'I'lic graph of  t h i s  func t ion  is sketchcd 
i II I:i 1:iirc I . 

rc:iclics i t s  i ~ i i ~ x i m i ~ ~ n  i s  dciiotcd by 
i l l id tlic ratc oI: hc:itint:, ( I :  

Iu'-. A .  
= c IU' . 

(1  1.:. ni L 

TIic ~ C I I ~ I N ~ ~ : I L I I ~ C  a t  which tlic r:itc of  evolu t ion  of 112s from t h e  i-tli g roup  
and i s  a uniquc funct ioi i  of E a i  and Ai 

, 
n i  I :  

(14) 
1111 I -- . .- 

.I I 

l : , l i i : i i i i v i  ( I S ]  IIIC;IIIS t l i : i t  i f  t h e  s:iniplc i s  hea ted  : I t  tlic co1ist:int r a t e  a ,  t h e  apex 
o l .  ! l i e  1I2S i c i h  from t l i c  i - t h  group,  which i s  rcduccd with a c t i v a t i o n  cncrgy 

i l l i d  l 'rc~lii~wcy f:ictor A i ,  w i l l  bc d i f f e r e n t  from t h a t  of tlic j group which 
is rcdiircd w i l l i  d i f f e r e n t  parameters ,  E;, j  and A , :  

K l i ( ~ i  :I ~ i i i x t ~ ~ r c  wl i i c l i  coiit:iins scvcr; i i  function;11 groups i s  rcduccd, t h e  
I I C ~ I ~ I V ~ ~ I I ~  of c.:icti sill f u r  1:roiip is sinii l a r ,  cxccpt  t l i ; i t  c:icJi pc;ik w i  I I nplrcar a t  
:I di l ~ l ~ ~ ~ v r n t  ' I 'm. I:igiirc 2 shows t h e  gr;ipli f o r  ;I inixturc of scvcr:iI groiips. 

<l;ll:l: 
'l'lic vedi~c t . i t~n  c u r v e ,  or the "kinetograni" can bc uscd t o  d c r i v e  the  fo l lowing  

I .  'I'lic I<K.:II io11 o f '  ' l ' II l i  i s  c l i ; ~ r ; i c t c r j ~ t i c  of tlic i - t h  f i i i i c t io i i : i l  group. 
2 .  ' 1 % ~ -  i i i t .cgv: i I  o f  t h c  Iienk of  each group i s  t h e  exac t  s to ich ionie t r ic  

c~l i~ iv : i Icn t  of tlic si11 f u r  group t h a t  has becn redriccd. 
t l i c  f r i ~ l i ~ c n c y  I':ic~or of t h e  r c a c t i o n  can be determined by ciirve p i t t i n g  of t h e  
d a t . : ~  t o  cqii.it i o 1 1  I ? .  

S l i g h t l y  d i f f c r c n t  v a r i a t i o n s  o f  t h i s  method wcre uscd by .Juntgen :and 
eo-workors t o  s t u d y - t l i c  r:ites of  coal p y r o l y s i s  and g a s i f i c a t i o n  (13) (14 )  (15) ,  

'l'lic ;ictiv;ltion cncrgy and 

3 .  
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11). (::iiiqiIicII : i i i d  Stcpl ic i i  (16) t o  s t u d y  tlic r n t c s  o f  c o a l  p y r o l y s i s .  :ind by 
Ycrgcy c c  :]I. ( 1 7 )  : ~ n d  R;iumai i  - c t  _- a i .  ( 1 8 )  t o  sttidy tlic r:itc of evolu t ion  o f  
I I z S  d i ~ r i n g  c w i I  1iydrogcii:ition. In  tlic l a t t e r  s t u d i e s ,  no t  a l l  the s u l f u r  was 
rcniovcd f r c > i i i  tlic co;li, t h c r c f o r c ,  quant i  t n t i o n  o f  t h e  s u i  f u r  groups cannot be 
doiic froiii tlic d a t a .  
s c u t  Cd I1c l o w .  
3 .  2 

tlic s u l f u r  j :rwips i n  ~ ( J L I I  w i l l  bc  q u ; i n t i t a t i v c  a r e :  

_. . . 

A more d e t a i l e d  d i s c u s s i o n  o f  t h e  q u a n t i t a t i o n  j s  pre-  

()lJANl'l ' i 'A'i 'ION 01: 'l'lil~ I I A I A  
'I'hc most iitiportaiit p roblcas  t h a t  should bc so lvcd  so t h a t  t h e  a n a l y s i s  O f  

1 . C O ~ l l ' ~ , i ~ i ' l ~  r cduc t ion  of  cach s u l f u r  group.  
2 .  
'I'Iic ni:i.jor d i  f f i c i i i t y  on t h c  road t o  obtnj i i  complcte r e d u c t i o n  o f  t h c  s u l f u r  

$!i-ocilis :ire m:iss tr:iiisfcr 1 i r n i  t :itjons. l'hc d i f f u s i o n  of t h e  redircing ngcrit i n t o  
tlic co:il p a r t  i c l c  i s  slow a n d  so  is  t h e  d i f f u s i o n  of t h c  112s o u t  o f  t h c  Coal 
p : i r t i c ics .  ' i hc~ ;c  pi-occsscs r e s u l t  i n  i n c o n i p ~ e t c  rcduct ion  of  tlic s u l f u r  and i n  
t l ic s1ire;idiiig O F  thc peak froin one group o v e r  a l a r g c  i i i tcrvnl  of  tcmpcrnture.  
'1'11 rmiucc t l i c  c r r c c t  o f  ~m:iss t r n n s f c r ,  wc uscd f i n e l y  d iv idcd  c o a l  p a r t i c l e s  and 
cottdiictcd tlic rcductioii in a s a l v c n t  which p a r t i a l l y  l i q u c f i c s  t h c  c o a l .  I n  
:iddil ioii, wc :icldcd Co-blo c a t a l y s t  t o  t h c  c e l l  t o  cnhance t h c  r a t c  of r e d u c t i o n  
(11 .  sill t-iir gix) i ips.  

(:oiiipIrtc rccovcry of a i  1 t h c  ilzS w:is imposs ih lc  wlicn ligiii t c  w i t h  a l a r g c  
coiitciit 01' ciilciiiiii C ; I I ~ ~ I O I I : I ~ C  ius  examincd. 
w i t h  thc  c:iihii:itc accord ing  t o :  

- . - .- 

~ : ~ M i ~ l , l ~ l ' i ~  rccovcry o f  a11 tlic I12S from each s u l f u r  groiip. 

ApparcntJy,  sonie of  t h e  112s r e a c t e d  

(::1(:03 + llZS - b  cas + co2 + II 0 (15) 2 

Phist o f  tiic h s i c  c:ii%on:itcs i i i  co:ri, c . g . ,  c ; i l c i t c ,  doloiiiitc, :ind s i d r i t c  can,  
I i o w c v ( * r ,  I)c c:isi l y  d i s s o l v c d  in d i l u t e  Iiydrocliloric a c i d  a n d  rcniovcd from t h e  
s;IIIIpIc. 

urpaiiir sui i.iii. Iicioir 3 7 O 0 C  and 100 p s i .  
' 1 ' 1 1 ~  : ~ j i ~ i ~ i ~ i t i o i i  o f  t h e  s p e c i a l  so lvcnt  permi t ted  us t o  rcducc most o f  the 

Iic ~ ~ x i ~ c r i m c n t : i i  systcoi c o i i s i s t s  O F  f i v c  p a r t s :  1 )  rcdi ic t ion c e l l ,  
1 )  hydrogcn 5111 f i d e  d c t c c t n r s ,  3 )  gas  flow systcitis. 4 )  I icatcr  and tempcr:iture 
progr:iiiiiiicr. :iii<I 5) rccordiiig :iiid signed processing dcvicc .  

( > . Y T C ~ , I  Cor t II(, rc~l i ic t ioi i  r c l l  :ire staiid:ird. Scvcrnl pro to types  o f  c c l  Is w e r e  
I i i i i  I L :ii icl tc5;lc-d i n  o i i r  l ; lboratory.  'rhc f i r s t  prototype i s  dcscr ibed  i n  
I : i ~ ~ i r v  4 .  

I r:id - :I L. c> t ;I t c* d c  t cc t o r* , 2) tlic f 1 :imc plio t omc t r i c. dc  t cc  t o r , a n d  3 1 c 1 c c  t ro 1 y t  ic 
d c t c c t u r .  'I'Iic F i r s t  two arc d i f f c r e i i t i n l  d e t e c t o r s ,  whi lc  tlic t h i r d  i s  an  
iiitcgra I d t . tcctor .  'I'hc d a t a  t1i :J t  a r e  r c p o r t e d  i n  t h i s  m;inuscript wcrc der ived  
t i s i n g  tlic I C ; I ~  a c c t a t o  clctector .  

'lll.'l'S ANI) l l l S ~ : l J S S i O N  
,UI ~ I I C : ; ~  ions a r c  : ~ d d ~ . c s s c d :  I .  tlic ic1ciitific:itioii 11v;iks w h i c h  bclong t o  

i:ij!iirr 3 s1;nws tlic ~unctioii:iI rc1;it i on  am(iiig tlic i i i i i t  5. A 1  I tlic conipoiicnts 

oi ic cummrrci:~I d c t c c t u r  ; i i i d  two modified d c t c c t o r s  wcrc t c s t c d :  I j  t h c  

~~ .. ... .~ 

:I s l w c i f i c  I . [ I I ~ C I  io~i:il !!rouli. 2 .  tlic v a r i a t i o n  i i i  tlic d i s t r ihuLior i  of  s u l f u r  
,! i~~ii l~:; i i i  ( I i  i.I.t~r(>iit c o : i i s .  
5 . I 

rcduccd j i rnks t l i i i t  hcloiig t o  n s p c c i f i c  s u l f u r  group wi 11 appcar a t  t h c  same 
tCiiiI1Cr:iturc. TIIIi , pi'ovidcd t h a t  the s m c  r a t c  o €  heat i i i g  i s  used,  aiid th:it t h c  mass 

,I I 1  I :VI'! !.:.I ! lA'-ll )N-ql: I'M RS 
'I'Iic pli i losuphy o f  tlic idci1t.i f jca t i .on  tccl iniquc is t h a t  wlicii s o l i d s  are  

. - ___ 
'I'lic c o u r t c ~ y  o f  Irlr. C .  Kimbcl I ,  1'resjdc:nt o f  I l o u s t o i ~  At I : is ,  who lonncd u s  
I ~ C  cqiiipi~ciit iiiid I i c l j i cd  us i i i  i t s  modi f i .cat ion i s  g r c a t l y  a p p r e c i a t e d .  
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t r a n s f e r  does not  l i m i t  t h e  r a t e  of  reduct ion .  Therefore ,  s o l i d  polymers t h a t  
conta in  only one s u l f u r  group, w i l l  produce one peak of s u l f u r  on ly ,  t h e  peak 

produce a peak which cor responds  t o  t h e  group 

Process  I 

reduct ion  of aromatic  s u l f i d e s .  However, t h e  r e d u c t i o n  o f  dibenzothiophene occurs  
a t  a h igher  temperature .  The reduct ion  o f  FeS2 occurs  i n  two s t a g e s  a s  expected: 

IH1 IH1 . >  . *  
FeS2 + FeS + H2S and FeS + Fe + H2S 

However, t h e  “sharpness” o f  t h e  peak depends on t h e  p a r t i c l e  s i z e  of t h e  FeS2. 
Small FeS2 produce v e r y  sharp  peaks and l a r g e r  FeS2 p a r t i c l e s  produce a “s luggish”  
peak. The FeS and Fe produce r e s i s t a n c e  t o  mass t r a n s f e r .  
6 .2  TESTS OF COAL AND LIGNITE SAMPLES 

Table 2 gives  t h e  d i s t r i b u t i o n  of s u l f u r  i n  I l l i n o i s  No. 6 c o a l ,  and i n  
Texas l i g n i t e .  F igure  7 shows t h e  kinetogram o f  t h e  I l l i n o i s  No. 6 coa l .  A 
t e n t a t i v e  assignment of f u n c t i o n a l  groups t o  t h e  peaks is given on t h e  c h a r t .  
Ext rac t ion  of  t h e  c o a l  with n i t r i c  ac id  removes t h e  p y r i t i c  s u l f u r  a l t o g e t h e r ,  
and s l i g h t l y  a f f e c t s  t h e  o r g a n i c  s u l f u r  a s  w e l l .  
n i t r i c  ac id  oxid izes  o r g a n i c  s u l f u r  t o  t h e  corresponding s u l f o x i d e s  (19).  
Figure 8 shows t h e  kinetogram o f  HN03 e x t r a c t e d  I l l i n o i s  No. 6 c o a l .  
shows a q u a n t i t a t i v e  e s t i m a t e  o f  t h e  d i s t r i b u t i o n  of  s u l f u r  groups i n  I l l i n o i s  
No. 6 and i n  Texas l i g n i t e .  

i ts r e s i s t a n c e  t o  mass t r a n s p o r t  i s  smal le r  than  t h a t  of bituminous coa l .  
of t h e  s u l f u r  i n  t h e  samples  t h a t  were t e s t e d  was organic .  
F igure  9 shows t h a t  t h e  organic  s u l f u r  i n  t h e  l i g n i t e  was e s s e n t i a l l y  i n  t h e  
form of i s o l a t e d  s i n g l e  th iophenic  r i n g s ,  and n o t  i n  t h e  form o f  dibenzothiophenes 
o r  a l i p h a t i c  s u l f i d e s .  
i n  c o a l s  i n  e a r l y  s t a g e s  o f  t h e  geologica l  c o a l i f i c a t i o n  of  wood. This  th iophenic  
s t r u c t u r e  condenses l a t t e r  t o  dibenzothiophenic  s t r u c t u r e s  e t c .  
observa t ion  was unexpected,  and we searched f o r  r e a c t i o n  mechanisms which may 
l e a d  to t h e  same exper imenta l  observa t ion .  
r e a c t i o n :  

The l a t t e r  i s  expected because 

Table 2 

Texas l i g n i t e  (Milam Co.) i s  more porous t h a n  bituminous c o a l ,  and t h e r e f o r e  
Most 

The kinetogram i n  

This  i n d i c a t e s  t h a t  t h e  th iophenic  s t r u c t u r e s  a r e  formed 

The l a t t e r  

One such mechanism involves  t h e  

T h i s  r e a c t i o n  shows t h a t  i s o l a t e d  th iophenic  s t r u c t u r e s  can be  produced from 
u n s t a b l e  s u l f u r - c o n t a i n i n g  groups due t o  thermal  decomposition. 
s u l f u r  groups a r e  reduced t o  H2S a t  much lower tempera tures  than  s t a b l e  groups, 
( s e e  d iscuss ion  i n  Ref. 6 ) .  However, i f  n o t  a l l  t h e  u n s t a b l e  s u l f u r  was reduced 
whi le  t h e  tempera tures  were s t i l l  low, p a r t  of it may be converted i n t o  a more 
s t a b l e  fo rm dur ing  t h e  a n a l y s i s .  Thus, i f  mass t r a n s f e r  l imits t h e  r a t e  of 
reduct ion,  t h e  r e s u l t  of t h e  a n a l y s i s  of c o a l  samples w i l l  be  b i a s e d ,  and w i l l  
show a l a r g e r  f r a c t i o n  of s i n g l e - t h i o p h e n i c  r i n g s .  

Thermally u n s t a b l e  
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Aii(it11cr ol,s;l.rv:ition wliich S C ~ I I I S  i n t c r c s t i i i g  i s  t h a t  tlic f r a c t i o n  of  s i ~ l f i d i c  
s i i l f i i i .  is ahi t i t  tlic S:IIIIC in t l i c  l i g n i t c  and i i i  tlic bituminous coa l .  This  obser -  
v;itioii c a n  I ic ; iccidci i tnl ,  howcvcr, s i m i l a r  r c s u l t s  were notcd by o t h c r s  (20).  
( I .  CONCI.IISION 

:iii;iLysis of  tlic d i s t r i b u t i o n  of  s u l f u r  groups i n  coal.  'rhc nicthod pcrrni ts  t o  
dctcrniinc q \ i ; i t  i t : i t ivc ly  and q i i : in t i ta t ivc ly  t h c  d i s t r i b u t i o n  o f  o r g a n i c  s u l f u r  
xroiilis in co:iI s a ~ i i p l c s .  I l l i n o i s  No. 6 I~i tuininous coal and 'l'cxas l i g n i t c  were 
t c s t c d ,  and  t h c  r c s u l t s  a r c  c o n s i s t c n t  wi th  acccpted  t l i cor ics  on t h e  s u l f u r  i n  
c0;i I . 

-. - - . . . 
A niccI~od 1i:is hccn dcvclopcd which pcrrnits t o  conduct d c t n i  Icd q u a n t i t a t i v c  
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The A l i p h a t i c  S t r u c t u r e s  i n  Coal 

N .  C. Deno, Barbara A .  G r e i g g e r ,  and Stephen G. S t roud  

Department of  Chemistry,  The Pennsylvania  S t a t e  U n i v e r s i t y  
U n i v e r s i t y  P a r k ,  Pennsy lvan ia  16802 

Coals a r e  va ry ing  and complex i n  t h e i r  chemical  s t r u c t u r e s .  Th i s  t y p e  of  
s i t u a t i o n  i s  c l a s s i c a l l y  s t u d i e d  by d e g r a d a t i v e  procedures  which reduce t h e  
complexi ty  t o  s i m p l e r  component p a r t s .  T h i s  has  been done wi th  c o a l  and f o u r  
d e g r a d a t i v e  methods have emerged t o  which w e  owe much o f  o u r  concep t s  of  c o a l  
s t r u c t u r e .  These a r e  ( a )  d e s t r u c t i v e  d i s t i l l a t i o n  of  c o a l  t o  benzene and p y r i d i n e  
d e r i v a t i v e s ,  (b)  a l k y l  t r a n s f e r  t o  phenol  and d e t e r m i n a t i o n  of t h e  a l k y l p h e n o l s ,  
( c )  l i q u i f a c t i o n  or s o l v e n t  r e f i n i n g  which r educes  MW from t h e  5000 t o  600 range,  
and (d)  o x i d a t i o n  w i t h  t h e  u s u a l  o x i d i z i n g  a g e n t s  (HNOQ, 0 2 ,  Mn VII, Cr VI) to 
produce benzene c a r b o x y l i c  a c i d s .  

We now i n t r o d u c e  a 5 t h  d e g r a d a t i o n  procedure.  T h i s  i s  o x i d a t i o n  w i t h  HZOZ i n  
TFA ( t r i f l u o r o a c e t i c  a c i d )  w i t h  or  wi thou t  a d d i t i o n  of  H2S04. ' T h i s  sys t em has t h e  
c a p a b i l i t y  o f  comple t e ly  d i s s o l v i n g  c o a l  t o  form c o l o r l e s s  or p a l e  brown s o l u t i o n s  
i n  which a l l  a r o m a t i c  s t r u c t u r e s  have been des t royed  and most of t h e  a l i p h a t i c  
s t r u c t u r e s  p re se rved  ( 1 , 2 ) .  The n a t u r e  of i t s  a c t i o n  is  i l l u s t r a t e d  by t h r e e  
examples .  Treatment  of p ropy lbenzene ,  i sop ropy lbenzene ,  and 1 ,2 -d ipheny le thane  b y  
t h e  u s u a l  o x i d i z i n g  a g e n t s  (HN03, 0 2 ,  Mn VII, Cr VI) l e a d s  t o  a t t a c k  a t  t h e  b e n z y l i c  
p o s i t i o n s ,  o x i d a t i v e  c l e a v a g e ,  and fo rma t ion  of benzo ic  a c i d .  In c o n t r a s t ,  t h e  
H2OZ-TFA-H2SO4 o x i d a t i o n s  a t t a c k  t h e  a r o m a t i c  r i n g s  l e a v i n g  t h e  b e n z y l i c  p o s i t i o n s  
v i r t u a l l y  untouched even when t e r t i a r y  a s  i n  i sop ropy l  and cyclohexyl  benzenes.  The 
p r o d u c t s  from t h e  t h r e e  examples  a r e  r e s p e c t i v e l y  b u t y r i c  a c i d ,  i s o b u t y r i c  a c i d ,  and 
s u c c i n i c  ac id  (2). I t  is immediately e v i d e n t  t h a t  t h i s  new degrada t ion  p rocedure  is  
p a r t i c u l a r l y  s u i t e d  t o  c a t a l o g i n g  and c a t e g o r i z i n g  t h e  a l i p h a t i c  s t r u c t u r e s  i n  c o a l s .  

The products  f rom t h e  H2O2-TFA-HZSO4 o x i d a t i o n s  have been examined i n  two ways. 
The nmr (nuc lea r  magne t i c  resonance)  s p e c t r a  of t h e  r e a c t i o n  mix tu re  p rov ides  an 
i n v e n t o r y  of t h e  hydrogen p r e s e n t  i n  t h e  p roduc t s .  A c e t i c  a c i d ,  s u c c i n i c  a c i d ,  and  
methanol  ( a s  t h e  t r i f l u o r o a c e t a t e )  can be e a s i l y  r ecogn ized  because they  g e n e r a t e  
s h a r p  s i n g l e t s  and because  t h e y  a r e  dominant p roduc t s .  The a b s o l u t e  y i e l d s  were 
determined u s i n g  ma lon ic  a c i d  a s  a n  i n t e r n a l  s t a n d a r d .  The n o n - v o l a t i l e  p roduc t s  can 
be  i s o l a t e d  by e v a p o r a t i o n  i n  vacuo, conve r s ion  t o  methyl esters, and examinat ion by 
nmr and gc (gas  chromatography) .  

It m u s t  be  emphasized t h a t  t h e r e  has  n o t  been s u f f i c i e n t  t i m e  or fund ing  t o  
o p t i m i z e  and s t a n d a r d i z e  p rocedures .  However, it has  been found t h a t  a c e t i c  a c i d  i s  
produced from a wider  v a r i e t y  o f  models i n  H202-TFA o x i d a t i o n s  t h a n  i n  H2O2-TFA-HZSO4 
o x i d a t i o n s .  
g roups .  The c u r r e n t  p rocedure  is  to  add 0.8 g of <20 mes'h c o a l  t o  a mix tu re  of  12 m l  
of  TFA, 1 5  ml of 96% H2S04, and 15 m l  of 30% aq. H ~ O Z .  
no t  enough t o  r e q u i r e  any p r e c a u t i o n s  w i t h  t h e  above amounts. The mix tu re  is hea ted  
f o r  f i v e  hours  a t  60°. 
10% P t  on a s b e s t o s  u n t i l  0 2  e v o l u t i o n  ceases  and a KI test f o r  pe rox ide  is n e g a t i v e .  

In t h e  l a t t e r ,  a c e t i c  a c i d  fo rma t ion  is mainly l i m i t e d  t o  a ry lme thy l  

A d d i t i o n  i s  exo the rmic ,  b u t  

A f t e r  c o o l i n g ,  i t  is impor t an t  t o  d e s t r o y  excess  pe rox ide  with 

Tab le  I summarizes d a t a  on p roduc t s  from o x i d a t i o n s  of c o a l .  Table  I1 summarizes 
d a t a  on model compounds. The d a t a  has  been submi t t ed  f o r  p u b l i c a t i o n  i n  g r e a t e r  
d e t a i l  ( 2 ) .  

Desp i t e  t h e  p r e l i m i n a r y  n a t u r e  of t h e  d a t a ,  s e v e r a l  conc lus ions  a r e  p o s s i b l e .  
N o  p r o p i o n i c  a c i d ,  b u t y r i c  a c i d ,  o r  i s o b u t y r i c  a c i d  were observed i n  t h e  p roduc t s  
f rom any  of t h e  c o a l s .  T h i s  e l i m i n a t e s  s t r u c t u r e s  i n v o l v i n g  e t h y l ,  p r o p y l ,  and 
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Table I. NMR Spectra of Solutions of Coals in H~OZ-TFA-HZSO~ 

coal H Obsvd. x 100/Total H in Coal 
r) 

Acetic Succinic alkyl Other 
acid acid other bands 
(2.186) (2.786) than sora 

Pittsburgh Seam 
79.5% H 5.2% H 

Illinois #6 
70.5% C 5.1% H 

Illinois #6 Monterey 
69.7% C 4.98% H 

Illinois #6 Monterey 
solvent refined 

Wyodak solvent refined 
87.0% C 6 .6% H 

Lignite North Dakota 
65.3% C.4.8 H 

(0-2.06) 

1.0 3.3 0 3.5 

5.7 8.9 0.5 2.6 

2.8 8.9 2.2 4.1 

4.4 2.4 1.0 2.8 

2.3 1.0 8.1 5.9 

0 10.6 50.6 20. 4a 

a This was entirely methanol as its trifluoractate. 

Table 11. H ~ O Z  -TFA-HzSOd Oxidations of Model Compounds 

Compound 

1,2-diphenylethane 
9 ,&d i hydrophenanthrene 
a cenaphthene 
indan 
5-hydroxyindan 
4,7-dimethylindan 

toluene 
1,4-dimethylbenzene 
1,3-dimethylbenzene 
1 ,2-dimethylbenzene 
ethylbenzene 
propylbenzene 
isopropylbenzene 
t -bu t yl benzene 
cyclohexylbenzene 
methoxybenzene 
3-phenyl-1-propanol 
tetralin and 6-hydroxytetralin 
1,3-diphenylpropane 

Predominant Product(s) 

succinic acid 
succinic acid 
succinic acid 
succinic acid 
succinic acid 
succinic acidb 
acetic acidb 
acetic acid 
acetic acid 
acetic acid 
acetic acid 
propionic acid 
butyric acid 
isobutyric acid 
(CH3 ) 3 CCOOH 
c-C, Hi COOH 
met ha no1 
but yrol actone 
cyclohexene-1 ,2-(CCOH)z 
glutaric acid 

% Yielda 
73 
71 
64 
27 
38 

68 
66 
66 
46 
71 
73 
32 

79 
75 
69 

a 
Computed on the basis of one mol of substrate yields one mol of 
product except for the three dimethylbenzenes where the basis was 
2 mols of acetic acid from one mol of substrate. 

bAcetic acid : succinic acid = 1.1. 
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i s o p r o p y l  a t t a c h e d  t o  an a r y l  r i n g .  These s t r u c t u r e s  have been r e p o r t e d  p r e v i o u s l y  
(3,4). While our  r e s u l t s  w i l l  be more r e l i a b l e  i f  confirmed by g c  s t u d i e s ,  t hey  seem 
reasonab ly  f i r m  now. Fur the rmore ,  t h e  p a s t  r e p o r t s  a r e  i n  some doubt because  t h e y  
depended,on F r i e d e l - C r a f t s  t y p e  o f  d e g r a d a t i o n s  (3) or tenuous a n a l y s i s  of broad 
a b s o r p t i o n  bands i n  nmr s p e c t r a  o f  c o a l  e x t r a c t s  (4). 

None of  t h e  b i tuminous  c o a l s  con ta ined  arylmethoxy a s  shown by t h e  complete  
absence  of methanol i n  the o x i d a t i o n  p roduc t s .  T h i s  a g r e e s  wi th  r e s u l t s  of Z e i s e l  
de t e rmina t ions  which a l s o  showed no methoxyl ( 5 ) .  T h i s  i s  p a r t i c u l a r l y  i n t e r e s t i n g  
because l i g n i t e  and l i g n i n  a r e  well-known t o  c o n t a i n  arylmethoxy groups.  In f a c t  an 
H202-TFA-HZSOp o x i d a t i o n  o f  l i g n i n  a t  2 5 O  showed 14.0% by weight arylmethoxy which i s  
t y p i c a l  f o r  l i g n i n s  (6 -8 ) .  A sample of  North Dakota l i g n i t e  showed 9.6% arylmethoxy.  
Both y i e l d s  were computed on t h e  b a s i s  t h a t  each arylmethoxy went q u a n t i t a t i v e l y  t o  
methanol .  N e i t h e r  l i g n i n  nor l i g n i t e  produced a c e t i c  a c i d  confirming t h e  w e l l -  
e s t a b l i s h e d  absence of  a r y l  methyl groups (6-8) .  Both produced s u c c i n i c  a c i d  
i n d i c a t i n g  u n s u b s t i t u t e d  ArCH2CH2-C components i n  t h e  s t r u c t u r e .  

A 1 1  c o a l s  produced a c e t i c  a c i d ,  bu t  i n  wide ly  v a r y i n g  amounts. The model s t u d i e s  
i n d i c a t e  t h a t  t h i s  a c e t i c  a c i d  comes from a ry lme thy l  groups and t h e  amount o f  a r y l -  
methyl can be  e s t i m a t e d  from t h e  d a t a  i n  Tab le  I .  In making t h i s  e s t i m a t e ,  i t  shou ld  
p robab ly  be assumed t h a t  t h e  y i e l d  of a c e t i c  a c i d  from e a c h  a ry lme thy l  is "70% based  
on t h e  models i n  T a b l e  11. 

The s u c c i n i c  a c i d  o r i g i n a t e s  from d i a r y l e t h a n e  or indan s t r u c t u r e s .  S i n c e  any  
indan  components i n  c o a l  would l i k e l y  have a l k y l ,  a lkoxy,  or hydroxy groups on t h e  
a r y l  r i n g ,  i t  was of p a r t i c u l a r  concern t o  u s  t o  show t h a t  such s u b s t i t u e n t s  d i d  n o t  
s i g n i f i c a n t l y  a l t e r  t h e  p r o d u c t i o n  of  s u c c i n i c  a c i d .  For t h i s  purpose bo th  4,7- 
d ime thy l indan  and 5-hydroxyindan w e r e  s t u d i e d  and both gave  s u c c i n i c  a c i d  a s  t h e  
dominant product  t h e  same a s  indan  i t s e l f .  

The q u e s t i o n  r ema ins  a s  t o  whether t h e  s u c c i n i c  a c i d  a r i s e s  from indan  or d i a r y l -  
e t h a n e  s t r u c t u r e s  or from some o t h e r  t y p e  of s t r u c t u r e  which has no t  been s t u d i e d .  
One b i t  of  ev idence  is s u g g e s t i v e  t h a t  i ndans  a r e  predominant ly  r e s p o n s i b l e  f o r  
s u c c i n i c  a c i d  formation.  Ox ida t ion  of indan wi th  H202-TFA-H2S04 gave no a c e t i c  a c i d  
whereas t h e  amounts of  a c e t i c  and s u c c i n i c  a c i d s  were comparable when H202-TFA was t h e  
o x i d i z i n g  agen t .  
o u t  t h e  H2SO4 in H202-TFA o x i d a t i o n s  caused t h e  y i e l d  of a c e t i c  a c i d  t o  more than  
doub le  (2). 

P i t t s b u r g h  Seam and I l l i n o i s  #6 c o a l s  showed s i m i l a r  e f f e c t s .  Leaving 

No a r y l  hydrogen appea red  i n  t h e  o x i d a t i o n  p roduc t s  d e s p i t e  t h e  f a c t  t h a t  benzo ic  
a c i d  i s  i n e r t .  T h i s  e l i m i n a t e s  benzoa te  esters a s  components o f  c o a l  s t r u c t u r e .  

The absence of  cyclohexene-1,2-dicarboxylic anhydr ide  shows t h a t  no t e t r a l i n  
s t r u c t u r e  can  be p r e s e n t  of t h e  t y p e  which a r e  u n s u b s t i t u t e d  on t h e  a l i p h a t i c  r i n g .  

The s o l v e n t  r e f i n i n g  ( l i q u i f a c t i o n )  of  c o a l  i s  though t  t o  i n v o l v e  thermal  
c l e a v a g e  of  benzyl  e t h e r s  and conve r s ion  of  t h e  benzyl  r a d i c a l s  t o  a ry lme thy l  by 
hydrogen a b s t r a c t i o n  (9-11) .  
t h i s  view i n  t h a t  t h e  y i e l d  o f  a c e t i c  a c i d  ( r e f l e c t i n g  a ry lme thy l )  i n c r e a s e d .  The 
y i e l d  of s u c c i n i c  a c i d  d e c r e a s e d  presumably r e f l e c t i n g  t h e  a r o m a t i z a t i o n  or desa tu -  
r a t i o n  of i ndan ,  d i a r y l e t h a n e ,  and p a r t i a l l y  reduced a r o m a t i c  s t r u c t u r e s .  

The d a t a  on Monterey Coal i n  Tab le  I is i n  accord wi th  

The re  i s  much t o  do i n  t h i s  f i e l d  i n  t h e  d i r e c t i o n  o f  va ry ing  t h e  o x i d a t i o n  
t e c h n i q u e  to  make it more s e l e c t i v e  and t o  i n c r e a s e  y i e l d s .  
h a s  been made in i d e n t i f y i n g  t h e  o t h e r  p roduc t s  of  H202-TFA-H2S04 o x i d a t i o n s  a l though  
t h e i r  a l i p h a t i c  n a t u r e ,  s m a l l  s i z e ,  and s imple  nmr s p e c t r a  sugges t s  t h a t  t h e i r  
i d e n t i f i c a t i o n  i s  f a c i l e .  

Furthermore,  no s t a r t  

3 
I 

.- 
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The total %H observed can be calculated by adding the columns in Table I. The 
highest was 81.9% for North Dakota Lignite and the lowest was 1.8% for Pittsburgh 
Seam Coal. This largely reflects the aromaticity of the coal. The aromatic hydrogens 
are completely lost while the aliphatic are largely preserved. However, even in model 
compounds loss of 30% of the aliphatic H was typical and the loss is even greater in 
certain aliphatic structures such as those on benzyl derivatives. 
observed in a typical bituminous coal such as Illinois #6 is a respectable 17.7%, this 
represents no more than about half of the total aliphatic hydrogen. 

Thus, while the %H 

We are deeply indebted to Dr. Malvina Farcasiu and Dr. Duayne Whitehurst for the 
last 4 substrates in Table I ,  for a sample of lignin, and for stimulating discussions. 
They will be coauthors with us in future papers on solvent refined coal and on lignin. 
We are also deeply indebted to Mr. Philip Dolsen and the Coal Research Station at 
The Pennsylvania State University for the first two substrates in Table I .  Complete 
analyses of these coals are available (2). We also wish to acknowledge stimulating 
discussions with Dr. Ron Liotta of Exxon Corp., Linden, New Jersey. 
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INTRODUCTION 

Coal l i q u e f a c t i o n  i s  a major  a t tempt  t o  meet c e r t a i n  energy requirements and 
I f  coal  l i q u e f a c t i o n  i s  t o  be success- 

R e f i n i n g  procedures cou ld  then be a l t e r e d  t o  accommo- 
Thus, e f f i c i e n t  process ing and u t i l i z a -  

a t  t h e  same t ime  p r o t e c t  t h e  environment. 
f u l ,  a technology must be developed t h a t  p rov ides  a n a l y t i c a l  da ta  on bo th  feed 
coa ls  and l i q u i d  products. 
da te  syncrudes o f  d i f f e r e n t  composi t ion.  
t i o n  r e q u i r e  a knowledge o f  t h e  chemical composi t ion o f  coa l  l i q u i d s .  

increased g r e a t l y  i n  r e c e n t  years.  
proaches t o  the  study o f  c o a l  l i q u i d s .  
p a r t i c u l a r  coal l i q u i d  b y  ex tens i ve  separa t i on  f o l l o w e d  by e labo ra te  spect roscopic  
c h a r a c t e r i z a t i o n  o f  t h e  v a r i o u s  compound types (1). The o t h e r  approach emphasizes 
a r a p i d  and simple method o f  separa t i on  i n  which fewer f r a c t i o n s  a re  generated (2). 
The l a t t e r  i s  more amenable t o  on-stream c o n t r o l ,  where f a s t  procedures a r e  r e -  
qu i red .  

f ea tu res  o f  t he  two approaches. F i v e  chemica l l y  meaningful f r a c t i o n s  a r e  genera- 
t e d  f rom a t o t a l  coal l i q u i d .  These f r a c t i o n s  a r e  separated on a chemical func-  
t i o n a l i t y  bas is  and a r e  s u i t a b l e  f o r  d e t a i l e d  c h a r a c t e r i z a t i o n .  
pre-asphaltene f r a c t i o n s  a r e  p u r p o s e f u l l y  avoided because o f  t h e i r  l a c k  o f  chemi- 
c a l  d e f i n i t i o n .  

I n t e r e s t  i n  t h e  chemical s t r u c t u r e  o f  coal  and coal  convers ion products  has 
Th is  i n t e r e s t  has produced two general ap- 

One i s  the  d e t a i l e d  c h a r a c t e r i z a t i o n  o f  a 

Our approach t o  t h e  a n a l y s i s  o f  coa l  l i q u i d s  i nco rpo ra tes  the  most a t t r a c t i v e  

Asphaltene and 

T h i s  paper descr ibes t h e  separa t i on  o f  a coal  l i q u i d  i n t o  f i v e  f r a c t i o n s  by 
1 i q u i d  chromatography. The f r a c t i o n s  a r e  generated by i o n  exchange, c o o r d i n a t i o n  
complex, and adso rp t i on  chromatography. The nonhydrocarbon f r a c t i o n s  account f o r  
most o f  t h e  coal l i q u i d  and were emphasized i n  t h e  c h a r a c t e r i z a t i o n  work t h a t  i s  
r e p o r t e d  here. 

EXPERIMENTAL 

Coal L i q u i d  Sample 

The coal l i q u i d  used i n  t h i s  i n v e s t i g a t i o n  was obta ined from t h e  P i t t s b u r g h  
Energy Research Center 's  S y n t h o i l  process ( 3 ) .  
V i r g i n i a  coal s l u r r i e d  i n  65 pe rcen t  producF r e c y c l e  o i l .  
1 4 - f t  c a t a l y t i c  r e a c t o r  operated a t  450°C and 4000 p s i g  o f  hydrogen. The l i q u i d  
p roduc t  was c e n t r i f u g e d  t o  reduce water  and s o l i d s .  

Apparatus 

tometer; l o w - r e s o l u t i o n  mass spec t ra  were recorded on  a Var ian CH-5 s ing le - focus ing  
mass spectrometer. The columns used f o r  chromatographic separat ions were s i m i l a r  
t o  those used by Jewel1 e t  a l .  (A). 
by 119-cm, w i t h  a r e c y c l i n g  arrangement t h a t  pe rm i t s  t h e  continuous e l u t i o n  o f  t h e  
sample w i thou t  t h e  need f o r  l a r g e  q u a n t i t i e s  o f  so l ven t .  
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The feed was a h i g h - s u l f u r  West 
The process used a 

I n f r a r e d  spect ra were recorded us ing  a Perkin-Elmer 621* i n f r a r e d  spectropho- 

They were g r a v i t y  f l o w  columns, 1.4-cm i . d .  



Reagents 

The ion-exchange r e s i n s  and o t h e r  chro-  
matographic m a t e r i a l s  were prepared accord ing t o  p r e v i o u s l y  repo r ted  methods (5). 
Rout ine Methods o f  Ni t rogen,  Su l fu r ,  and Oxygen Analyses 

Elemental analyses were performed a t  a commercial l a b o r a t o r y ;  n i t r o g e n  was 
determined by t h e  micro-Dumas method; s u l f u r ,  by combustion f o l l o w e d  by t i t r a t i o n  
o f  o x i d a t i o n  product  w i t h  barium p e r c h l o r a t e  t o  a c o l o r i m e t r i c  endpoint ;  and oxy- 
gen, by a m o d i f i e d  Unterzaucher method. 

Q u a n t i t a t i v e  I n f r a r e d  Analyses 

Q u a n t i t a t i v e  i n f r a r e d  measurements and c a l c u l a t i o n s  were performed i n  a man- 
n e r  s i m i l a r  t o  t h a t  used by PlcKay e t  a l .  (6). 
Separat ion Procedure 

The c o a l  l i q u i d  (0.5 g )  was d i sso l ved  i n  methylene c h l o r i d e  (20.0 m l )  and 
passed through a 10- t o  15-micron f i l t e r  t o  remove ino rgan ic  s o l i d s  and any undis-  
so lved organics.  The m a t e r i a l  r e t a i n e d  on t h e  g lass  f i l t e r  amounted t o  l e s s  than 
2 percent  o f  t h e  t o t a l  coal  l i q u i d .  The separa t i on  was performed by s e q u e n t i a l l y  
passing t h e  coa l  l i q u i d  through f o u r  chromatographic columns t o  o b t a i n  f i v e  f r a c -  
t i o n s :  ac ids,  bases, n e u t r a l  n i t r o g e n  compounds, s a t u r a t e  hydrocarbons, and a ro -  
m a t i c  hydrocarbons as shown i n  F igu re  1. 

Separat ion o f  Acids--Anion Exchange Chromatoqraphy. - The sample o f  f i l t e r e d  
coa l  l i q u i d  was chromatographed on anion r e s i n  (100 g) t h a t  had been wet packed i n  
t h e  column w i t h  methylene ch lo r i de .  Unreact ive m a t e r i a l  was washed from t h e  r e s i n  
wi th  methylene c h l o r i d e  (700 m l )  f o r  3 hours o r  u n t i l  t h e  e l u a n t  was c l e a r .  A f t e r  
t h e  un reac t i ve  m a t e r i a l s  were removed, t h e  r e a c t i v e  compounds ( a c i d s )  were reco-  
vered i n  two steps. 
(350 ml) ;  t h e  r e s i n  was then removed f rom t h e  column and p laced i n  an e x t r a c t o r ;  
t h e  remaining a c i d  was removed by e l u t i o n  w i t h  60% benzene-40% methanol (350 m l )  
saturated w i t h  carbon d iox ide .  

f r e e  coal l i q u i d  (about  350 mg) was taken t o  dryness by evaporat ion under a n i t r o -  
gen atmosphere and r e d i s s o l v e d  in. benzene (25 m l ) .  The benzene s o l u t i o n  was chro- 
matographed on c a t i o n  r e s i n  (50 g) t h a t  had been wet  packed i n  the  column w i t h  
benzene. Unreact ive m a t e r i a l  was e l u t e d  from t h e  r e s i n  wi th  benzene (500 m l )  f o r  
1 hour o r  u n t i l  t h e  e l u a n t  was c l e a r .  The r e a c t i v e  m a t e r i a l  (bases) was removed 
f rom t h e  r e s i n  i n  two steps. The column was f i r s t  e l u t e d  w i t h  60% benzene-40% 
methanol (350 m l ) ;  t h e  r e s i n  was then removed from the  column and p laced i n  an ex- 
t r a c t o r ;  t h e  remain ing bases were removed f rom t h e  r e s i n  w i t h  54% benzene-38% 
methanol-8% isopropylamine (200 m l ) .  

Chromato r a  h . - F e r r i c  ch lo r i de -A t tapu lgus  c l a y  (80 g) was p laced  above an ion  * r e s i n  120 g i n  a s i n g l e  column. A f t e r  t h e  column was washed w i t h  cyclohexane 
(100 m l ) ,  t h e  ac id -  and base-free m a t e r i a l ,  f r e e d  o f  benzene and r e d i s s o l v e d  i n  
cyclohexane (50 m l ) ,  was passed through t h e  column. The column was e l u t e d  w i t h  
cyclohexane (300 m l )  t o  remove hydrocarbons. The n i t r o g e n  compound-ferr ic ch lo -  
r i d e  complexes were removed from t h e  c l a y  w i t h  1,2-dichloroethane (200 m l ) .  
complexes were subsequently broken by pass ing t h e  s o l u t i o n  ove r  t h e  anion r e s i n ;  
t h e  f e r r i c  c h l o r i d e  s a l t  was r e t a i n e d  on t h e  r e s i n ,  and t h e  n e u t r a l  n i t r o g e n  com- 
pounds were recovered i n  t h e  e lua te .  

A l l  so l ven ts  were f l a s h  d i s t i l l e d .  

The column was f i r s t  e l u t e d  w i t h  60% benzene-40% methanol 

Separat ion o f  Bases--Cation Exchange Chromatography. - The sample o f  ac id -  

Separat ion o f  Neu t ra l  N i t rogen  Compounds--Ferric Ch lo r ide  Coord ina t i on  

These 
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Separation of Hydrocarbons--Si1 i c a  Gel Chromatography. - The ac id- ,  base-, 
and n e u t r a l - n i t r o g e n - f r e e  coal  l i q u i d ,  freed o f  cyclohexane and r e d i s s o l v e d  i n  
n-pentane (50 m l ) ,  was p laced  on a s i l i c a  ge l  column (150 9) .  
t e d  w i t h  n-pentane (app rox ima te l y  500 m l  o r  u n t i l  UV mon i to r  showed absorbance 
g r e a t e r  than 10 percent  o f  f u l l  sca le  a t  254 nm) t o  remove the  s a t u r a t e  hydrocar- 
bons. The aromatic hydrocarbons were then recovered by e l u t i o n  w i t h  benzene (ap- 
p rox ima te l y  300 m l ) .  

The column was e lu -  

RESULTS AND DISCUSSION 

Recovery and p r e c i s i o n  da ta  f o r  t h ree  d i f f e r e n t  runs a r e  presented i n  Table 1. 

3 w t .  per-  
Recoveries from 96 t o  98 pe rcen t  may be expected f rom t h e  separa t i on  scheme. 
p r e c i s i o n  data i n  t h e  l a s t  column o f  Table 1 show a r e p r o d u c i b i l i t y  o f  
c e n t  f o r  each o f  t h e  f i v e  f r a c t i o n s .  

TABLE 1. - Three separa t i ons  showing weight  pe rcen t  and p rec i son  f o r  each f r a c t i o n  

The 

Weight percent  

F r a c t i o n  Run 1 Run 2 Run 3 P r e c i s i o n  

Acid 27 33 31 30 + 3 

Neutra l  
Base 20 18 22 20 5 2 

n i t r o g e n  1 2  10 11 11 f . 1  
Saturate 1 0  13 11 11 + 2  

Recovery 96 96 98 97 5 1 

Aroma t i c s  27 22 23 24 2 3 

The data i n  Table 1 show t h a t  f o r  each separa t i on  r u n  the  ac ids ,  bases, and 
n e u t r a l  n i t r o g e n  compounds rep resen t  about 60 percent  o f  t h e  t o t a l  coa l  l i q u i d .  
Ac ids and bases a lone amount t o  about 50 percent  o f  t h e  t o t a l  l i q u i d  showing t h e  
h i g h l y  p o l a r  na tu re  o f  t h e  coal  l i q u i d .  
m a t e r i a l  compared w i t h  amounts found i n  pet ro leum poses problems i n  develop ing 
separa t i on  methods and i n  process ing these l i q u i d s  i n t o  u s e f u l  f u e l s .  

t h e  t o t a l  l i q u i d .  The c o n t e n t  o f  aromat ic  hydrocarbons i s  about t w i c e  t h a t  o f  
s a t u r a t e  hydrocarbons, r e f l e c t i n g  t h e  aromatic cha rac te r  o f  t he  coal  feedstock.  

Elemental analyses i n  Table 2 show t h a t  oxygen and n i t r o g e n  a r e  t h e  p r imary  
heteroatoms present  i n  t h e  p o l a r  f r a c t i o n s .  The a c i d  f r a c t i o n  con ta ins  about 5 
percent  oxygen, p r i m a r i l y  due t o  l a r g e  amounts o f  pheno l i c  compounds as discussed 
l a t e r .  The bases a r e  h i g h  i n  n i t rogen ,  having about 4 percent  n i t rogen .  Repro- 
d u c i b l e  data f o r  t he  n e u t r a l  n i t r o g e n  f r a c t i o n  were n o t  ob ta ined  so they a r e  n o t  
i nc luded  i n  Table 2. 
heterocompounds, b u t  t h e  a romat i c  hydrocarbons c o n t a i n  l a r g e  amounts o f  oxygen 
heterocompounds. The a romat i c  f r a c t i o n  shows 3.4 percent  oxygen, which i s  h igh  
f o r  a hydrocarbon f r a c t i o n .  
dibenzofuran-type oxygen compounds t h a t  a re  n o t  removed by the  r e s i n s  o r  t h e  f e r -  
r i c  ch lo r i de .  
d i s t r i b u t e d  among t h e  f r a c t i o n s  o r  whether s u l f u r  compounds a r e  concentrated i n  
any one f r a c t i o n ( s ) .  
t e d  f r a c t i o n s  from t h e  separa t i on  show average molecular  weights  ranging from 210 
t o  250. 

This  r e l a t i v e l y  h i g h  amount o f  p o l a r  

The sa tu ra te  and aromat ic  hydrocarbon f r a c t i o n s  rep resen t  about 35 percent  o f  

The s a t u r a t e  hydrocarbons c o n t a i n  o n l y  smal l  amounts o f  

Th is  m igh t  be exp la ined  by t h e  presence o f  f u r a n  o r  

Data on s u l f u r  a r e  too  l i m i t e d  t o  determine whether s u l f u r  i s  evenly 

Molecular -weight  data on t h e  t o t a l  coal  l i q u i d  and on se lec-  
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TABLE 2. - Elemental analyses and molecular weights of Synthoil and f rac t ions  

Molecular 
w t .  Weight percent - 

Saiiipl e Carbon Hydrogen Nitrogen Oxygen Sulfur LRMS* 
Total Synthoil 86.09 7.4 1.6 3.9 0.7 225 

Acid 79.4 6.7 1 .o 5.5 0.8 250 
Base 81.5 7.4 3.9 1.9 - 225 
Saturates 88.1 11.6 0.3 - 230 
Aromatic 87.6 7.6 0.1 3.4 0.6 210 
*Low-resolution mass spectrometry. 

Characterization of Acid Fraction 

The acid f rac t ion  represents about 30 percent of the to t a l  coal l iqu id .  
f rac t ion  has 5.5 percent oxygen (Table 2 )  and an average molecular weight of 250. 
Calculations from these da ta ,  assuming one oxygen atom per molecule, show tha t  86 
percent of the  molecules contain one oxygen atom. Similarly,  one percent nitrogen 
and a molecular weight of 250 calculates t o  15 percent of the molecules containing 
one n i t rogen  atom. 

The infrared spectrum of the acid f r ac t ion ,  Fjgure 2 ,  shows a strong band of 
f r ee  phenolic 0-H s t re tch ing  vibration a t  3590 cm- . The lack of s ign i f i can t  ab- 
sorption in the  carbonyl region (1650-1750 cm ' )  indicates the absence of carbox- 
y l i c  acids. Quantitative infrared ana lys i s  shows tha t  approximately 85 percent of 
the fraction i s  represented by the phenolic 0-H s t re tch ing  band. The remaining 
materiallcan be accounted f o r  by quant i ta t ive  analysis of the  N-H absorption a t  
3460 cm- , showing the presence of pyr ro l ic  nitrogen compounds. 

fo r  nitrogen compounds(pyrro1es). 
cent oxygen compounds, and  infrared shows t h a t  these compounds, 85 percent of the  
f rac t ion ,  a r e  phenols. 
compounds and infrared shows about the  same amount of pyrrolic nitrogen compounds. 

This 

Two d i f f e ren t  methods give the same values f o r  oxygen compounds (phenols) and 
Thus ,  the elemental analysis suggests 86 per- 

Similarly,  elemental ana lys i s  shows 15 percent nitrogen 

Characterization of Base Fraction 

The base f rac t ion  represents about 20 percent of the  coal l iqu id .  A nitrogen 
content of almost 4 percent r e f l ec t s  a successful attempt t o  concentrate nitrogen 
compounds. From the  average molecular weight and the nitrogen content i t  appears 
t ha t  about 70 percent of the molecules contain one nitrogen atom. This i s  not as  
easy t o  subs tan t ia te  with infrared spectroscopy as  i t  was in the acid f rac t ion .  
The problem re su l t s  frym overlapping bands, as  shown i n  Figure 3. PyrroliclN-H 
stretching a t  3460 cm- overlaps w i t h  amide-type N-H s t re tch ing  a t  3410 cm- , pro- 
hibit ing quant i ta t ive  determinations by infrared spectromefry. The infrared spec- 
trum shows carbonyl absorption in the  region 1650-1700 cm- , which may be due fo  
small amounts of amides. 
band may indica te  the presence of pyridines in t h i s  f rac t ion .  

Neutral Ni troqen Fraction 

infrared spectrum of t h i s  fyaction i s  given in Figure 4.  
absorption band a t  1460 cm- 
der around 3410 cm- 
sorption between 1700 and 1750 cm- 

A shoulder on the low-frequency s ide  of the  1600 cm- 

This f rac t ion  represents only about 10 percent of the to t a l  coal l iqu id .  The 

probably due fo N-H s t re tch ing  of amide types. 

The spectrum shows an 
due to  pyrrolic N-H s t re tch ing  vibrations and a shoul- 

Carbonyl ab- 
a l so  suggests the  presence of amides. 
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Satura te  Hydrocarbon Fraction 

and l e s s  than one-third of the  to t a l  hydrocarbon material .  
this f rac t ion  i s  presented i n  Figure 5. 
ranging i n  carbon number from 13 t o  35, are major components of t h i s  f rac t ion .  

Aromatic Hydrocarbon Fraction 

a s  the aromatic hydrocarbon f rac t ion .  
have over 3 percent oxygen. 
defined i n  th is  work. 
l ecu la r  weight of 210, assuming one oxygen atom per molecule, show tha t  about 45 
percent of the molecules contain oxygen. This oxygen i s  probably of the furan or 
dibenzofuran type which i s  nonreactive t o  res ins  o r  f e r r i c  chloride.  T h u s ,  these 
compounds a re  i so la ted  with aromatic hydrocarbons i n  the f ina l  separaton s t ep .  

Saturated hydrocarbon compounds comprise 11 percent of the to ta l  coal l iqu id  
A gas chromatogram of 

The f igure  shows tha t  normal paraf f ins ,  

About one-fourth of the to t a l  coal l iqu id  i s  defined by the separation method 
However, this f rac t ion  has been shown t o  

The compound types containing oxygen have not been 
Calculations using 3.4 percent oxygen and an average mo- 

SUMMARY 

A Synthoil coal l iqu id  tha t  had n o t  been solvent deasphaltened was separated 
in to  f rac t ions  of acids,  bases,  neutral nitrogen compounds, sa tura te  hydrocarbons, 
and aromatic hydrocarbons using ion exchange, coordination, and adsorption chro- 
matography. The separation method i s  reproducible, and recovery of material was 
be t t e r  than 95 percent. The  method separates compounds according t o  chemical 
func t iona l i ty  and generates f r ac t ions  tha t  a r e  su i t ab le  f o r  de ta i led  characteriza- 
t ion.  The Synthoil coal l i qu id  used in this investigation contains about 30 per- 
cent ac ids  and 20 percent bases,  according t o  the ion exchange res in  def in i t ion  of 
acids and bases. The acids were characterized as  being about 85 percent phenolic 
compounds and 15 percent compounds containing pyrrolic nitrogen. 
found t o  be largely pyridine and pyr ro l ic  nitrogen compound types. 
hydrocarbons were 11 percent of the  to t a l  coal l i qu id ,  and the aromatic hydrocar- 
bons were about 24 percent; however, oxygen compounds, probably of the  dibenzofuran 
type, were a l so  found i n  the aromatic hydrocarbon f rac t ion .  
weight of the coal l iqu id  sample was determined by low resolution mass spectrometry 
to  be about 225. 

The bases were 
The sa tu ra t e  

The average molecular 

CONCLUSIONS 

T h i s  separation method, a modification o f  a previous method, may be useful 
for separating other coal l i qu ids  according t o  chemical func t iona l i ty .  An impor- 
t an t  advantage of t h i s  method over other separation schemes used f o r  coal l iqu ids  
i s  t h a t  the to ta l  coal l i qu id  i s  separated and a m i n i m u m  number of f rac t ions  i s  
generated. 
toring the amounts of acids and bases produced i n  coal l i qu i f i ca t ion  processes. 
Such information i s  important because acids and bases a re  known t o  cause both 
chemical and physical problems i n  the processes. 

A practical  appl ica t ion  of the separation scheme may be found i n  moni- 
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CO-Steam Process : Functional Group Analysis of 
Non-Distillables in Lignite-Derived Liquids 

Bruce W .  Farnum and Curtis L. Knudson 

Grand Forks Energy Research Center 
Grand Forks, North Dakota 58202 

The CO-Steam process f o r  conversion of l i g n i t e  t o  boiler fuel cons is t s  of reac- 
t i on  of a f ine ly  ground s lur ry  of l i g n i t e  in hydrocarbon donor solvent with carbon 
monoxide and hydrogen a t  about 450" C and pressures up  t o  5000 psi ( 1 ) .  
studies a t  the  Grand Forks Energy Research Center ( G F E R C )  have u t i l i z e d  a preheated 
batch autoclave with gas and s lu r ry  phase sampling t o  es tab l i sh  optimum reaction 
conditions f o r  reduction in molecular weight of the non-d is t i l l ab les  in  CO-Steam 
product (2,3).  A study of the e f f ec t  of the nature and quantity of non-d is t i l l ab les  
on coal l iquid v iscos i ty  has pointed out the importance of reducing the quantity 
and molecular weight of non-d is t i l l ab les  (4) .  
relationship between weak acid concentration and percent oxygen i n  non-d is t i l l ab les ,  
and product qua l i ty  a s  indicated by solution viscosity.  

CO-Steam products were separated in to  four f rac t ions  based on so lub i l i t y  in 
hexane, toluene, and tetrahydrofuran. 
by non-aqueous t i t r a t i o n  with tetramethyl ammonium hydroxide. The end p o i n t  
obtained indicated to ta l  oxygen acids (phenols) plus nitrogen acids (carbazoles).  
Table 1 l i s t s  the  weight percent of each so lub i l i t y  f r ac t ion ,  and t h e i r  measured 
ac id i t i e s .  Close agreement was obtained between measured a c i d i t i e s  of t o t a l  pro- 
ducts and weighted sums of the ac id i t i e s  of the individual f rac t ions .  
products A and B were produced i n  continuous reactors a t  Pittsburgh Energy Research 
Center using recycled CO-Steam o i l  as  the s lu r ry  vehicle,  while CO-Steam C was 
produced in our batch autoclave using 9:l anthracene o i l  - t e t r a l i n  as vehicle. 
Higher ac id i ty  of the o i l  f rac t ions  of A and B can be a t t r ibu ted  t o  the buildup of 
phenols content during recycle of the  solvent. 
t ions of A and B can be pa r t i a l ly  explained by t h e i r  higher molecular weight resu l -  
t ing  from lower processing temperature. Figure 1 i l l u s t r a t e s  the  r e l a t ive  ac id i ty  
of the CO-Steam f rac t ions  in Meq H+ per f rac t ion  per gram of to t a l  product. 

CO-Steam products were separated by column chromatography on a l u m i n a  in to  
three f rac t ions  u s i n g  a simplification of the method of Sch i l l e r  and Mathiason ( 5 ) .  
Fraction 1 (e lu ted  by toluene) consisted of hydrocarbons, f rac t ion  2 (e lu ted  by 
chloroform, 1% ethanol) consisted primarily of nitrogen compounds, and f rac t ion  3 
(eluted by 9:l tetrahydrofuran - methanol) consisted primarily of hydroxyl com- 
pounds  as confirmed by mass spectrometry of the vo la t i l e  consti tuents.  Acid and 
base t i t r a t i o n s  confirmed the absence of acid-base r eac t iv i ty  i n  the hydrocarbon 
f rac t ions .  The nitrogen compound f rac t ions  were more ac id ic  and more basic than 
the  hydroxyl f rac t ions ,  indicating the concentration of nitrogen acids and bases 
i n  f rac t ion  2.  

Recent 

This study a l so  pointed out a 

The ac id i ty  of each f rac t ion  was determined 

CO-Steam 

Higher ac id i ty  of the other f rac-  

A matrix of parameters was developed t o  provide separate estimates of oxygen 

When applied t o  a s e t  of SRCs 
acids and nitrogen acids content from non-aqueous t i t r a t i o n  and elemental analysis 
da t a ,  regardless of mineral content of the  sample. 
and CO-Steam d i s t i l l a t i o n  residues,  i t  was found tha t  oxygen acids decreased 
l inear ly  with molecular weight by gel permeation high pressure l iqu id  chromato- 
graphy, while nitrogen acids remained a t  a constant concentration (Figure 2 ) .  
When model solutions were prepared from the SRCs and CO-Steam d i s t i l l a t i o n  residues 
w i t h  anthracene o i l ,  i t  was found t h a t  log v iscos i ty  of 25 percent solutions 
decreased l inear ly  with ac id i ty  due t o  oxygen ac ids ,  as well as  to ta l  ac id i ty  i n  
a para1 le1 fashion. The constant difference in curves represents the  unchanging 
concentration of nitrogen ac ids ,  despite the  varying degree of depolymerization 
represented i n  the  range of samples. These r e su l t s  imply t h a t  during coal 
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depolymer izat ion:  (1)  t h e  s t a b l e  core o f  a preasphal tene o r  asphaltene molecule 
i nc ludes  a carbazole,  benzocarbazole, dibenzocarbazole o r  r e l a t e d  n i t r o g e n  ac id ,  
and (2) extended process ing t o  lower  molecular  weight  (and thus lower v i s c o s i t y )  
i nvo l ves  s c i s s i o n  o f  bonds l i n k i n g  a phenol ic  oxygen a c i d  t o  t h e  s t a b l e  core o f  t h e  
molecule. The c a l c u l a t i o n  method i s  summarized as f o l l o w s :  

% Basic N = 1.4 B 
% Ac id i c  N = 100 N - 1.4 B 
% A c i d i c  0 = 1.6 A - 16/14 (100 N - 1.4 B) 
% Neutra l  0 = 100 X - (1.6 A - 16/14 (100 N - 1.4 B))  

where: 

A = (meq ac id /g  sample) -- by non-aqueous t i t r a t i o n .  
B = (meq base/g sample) -- by non-aqueous t i t r a t i o n .  
N = (g  n i t r o g e n / g  sample) -- by K je ldah l  method. 
X = (g  oxygen/g sample) -- by Neutron A c t i v a t i o n  Analys is .  

Assumptions: 

Neutra l  N = 0 
Basic 0 = 0 
Minera l  con ten t  i s  n e i t h e r  a c i d i c  no r  b a s i c  
N and 0 a r e  n o t  amphoter ic  

Analys is  o f  t h e  r e c y c l e  so l ven ts  o f  these SRC samples i n d i c a t e d  t h a t  t h e  
concen t ra t i on  o f  ca rbazo le  and i t s  methy lated d e r i v a t i v  
constant ,  w h i l e  t h e  c o n c e n t r a t i o n  o f  phenol and i t s  met 
increased s i x f o l d  between SRC I and SRC I1 Drocess cond 
a r e  cons is ten t  w i t h  t h e  hypothes is  presented here. 
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Table 1. Properties of So lub i l i t y  Fractions of CO-Steam Products 

CO-Steam Product A B C 

So lubi l i ty  f rac t ions  ................... W t .  % MW Wt. % MW Wt. % MW 

Oil (hexane soluble). .  ............... 55.9 403 48.7 385 52.3 281 
Asphaltene (toluene soluble 

Preasphaltene (THF soluble 
hexane insoluble) ........ 22.6 554 18.4 542 22.8 345 

toluene insoluble) .... 20.9 747 17.9 611 4.7 501 
Tetrahydrofuran insoluble. .  .......... 0.6 --- 15.0 --- 20.2 --- 

~~ 

Process Temp. ("C) ..................... 425 450 470 

Acidity (Meq H+/g): 

Oil .................................. 1.587 1.361 0.513 
Asphal tene.. ......................... 1.945 2.449 0.873 
Preasphaltene ........................ 1.974 2.052 1.058 
THF insoluble ........................ 1.518 1.027 0.266 

Total Product ........................ 1.729 1.725 0.544 

Calculated Aciditya.. ................ 1.748 1.635 0.571 

a Acidity calculated as  the weighted sum of the  ac id i t i e s  of 
the  individual f rac t ions .  

Table 2. Acid-Base Content of Column Chromatography Fractions 

CO-Steam A CO-Steam 8 
Acidity Basicity Acidity Basicity 
(Meq/g), (Medg) (Meq/g) (Meq/g) 

........ 1. Hydrocarbons 0 0 0 0 
2 .  N Fraction .......... --- 0.724 3.687 0.942 
3. OH Fraction ......... 2.98 0.217 2.806 0.216 
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Table 3. Acid-Base Proper t ies  o f  N o n - D i s t i l l a b l e s  

Sample (Meq/g) P c t  0 (Meq/g) P c t  N Basic A c i d i c  A c i d i c  N e u t r a l  
A c i d i t y  B a s i c i t y  Pc t  N P c t  N Pct 0 Pct 0 

SRC 115 1.481 1.55 0.711 1.70 0.995 0.718 1.55 0 

CO-Steam 
Residue B 1.938 3.72 0.476 1.23 0.67 0.56 2.46 1.26 

CO-Steam 
Residue A 1.661 7.03* 0.449 1.15 0.63 0.52 2.07 4.96* 

SRC 308 2.285 4.32 0.786 1.78 1.10 0.68 2.88 1.44 

SRC 122 2.531 4.69 0.713 1.55 1.00 0.55 3.42 1.27 

* Not deashed; i l l u s t r a t e s  minera l  oxygen. 
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LIQUID CHROMATOGRAPHIC CHEMICAL CLASS ANALYSIS OF BITUMEN 
AND HEAVY PETROLEUM CRUDES 

C. Re iche r t  and L. Grant 
O i l  Sands Research Centre 
A l b e r t a  Research Counci l  

Edmonton, A l b e r t a  T6G 2C2 

INTRODUCTION 

The importance o f  bitumen and heavy crudes i s  s t e a d i l y  i nc reas ing  
as reserves o f  conven t iona l  crudes d i m i n i s h  around t h e  wor ld  producing an 
increased emphasis upon the  development o f  methods o f  recovery f o r  bitumens 
and heavy crudes. Because o f  t h e  ext remely h i g h  v i s c o s i t i e s  encountered, a 
v a r i e t y  o f  novel  i n - s i t u  recovery methods us ing  combinations o f  steam, so l ven ts ,  
su r fac tan ts ,  and combustion a r e  being i nves t i ga ted .  

Conventional and heavy pet ro leum crudes c o n s i s t  o f  a l a r g e  v a r i e t y  
o f  o rgan ic  molecules g e n e r a l l y  c l a s s i f i e d  i n t o  f o u r  major groups i d e n t i f i e d  
as saturates,  aromat ics,  r e s i n s  and asphaltenes. Each o f  these c lasses have 
i n d i v i d u a l  uses and t h e i r  r e l a t i v e  r a t i o s  determine the  upgrading processes 
employed. Bitumen and heavy crudes tend t o  have l a r g e r  p ropor t i ons  of res ins  
and asphaltenes t h a t  a r e  l e s s  economical ly  conver ted t o  usable products .  
P r e c i p i t a t i o n  o f  asphal tenes i n  t h e  fo rma t ion  o r  p roduc t i on  o f  asphaltenes 
from o the r  compounds can occu r  d u r i n g  the  recovery process n e c e s s i t a t i n g  
some mon i to r i ng  o f  process streams for changes i n  t h e  r e l a t i v e  r a t i o s  o f  
these c lasses o f  compounds. 

Numerous methods a r e  used t o  separate pet ro leum hydrocarbons i n t o  
t h e i r  type and c lasses .  The most common method u t i l i z e s  pentane p r e c i p i t a t i o n  
o f  t he  asphaltenes i n  a procedure s i m i l a r  t o  ASTM D 893-69. 
procedures (1-6) a r e  employed f o r  t h e  subsequent f r a c t i o n a t i o n  o f  t he  remain ing 
o i l .  Many of  t he  procedures f o r  the separa t i on  o f  t h e  aromat ics and sa tu ra tes  
us ing  s i l i c a  and/or a lumina columns a r e  m o d i f i c a t i o n s  o f  ASTM D 2549-75. Some 
o f  t h e  methods ach ieve  separat ions i n t o  subgroupings such as monoaromatics, 
d ia romat i cs ,  po l ya romat i cs  and p o l a r  compounds. 

A v a r i e t y  o f  

Each o f  t h e  procedures however has the  disadvantage t h a t  a t o t a l  
c l a s s  a n a l y s i s  r e q u i r e s  severa l  s teps and t o  o b t a i n  the  da ta  rega rd ing  the  
d i s t r i b u t i o n  o f  t h e  f r a c t i o n s  r e q u i r e s  severa l  days. 

The procedure discussed here enables t h e  separa t i on  o f  t h e  bitumen 
o r  heavy pet ro leum c rude  i n t o  t h r e e  groupings namely asphaltenes, r e s i n s  and 
a m ix tu re  of a romat i cs  and sa tu ra tes  w i t h  no p r i o r  separa t i on  o f  t h e  p o l a r  
c o n s t i t u e n t s  o r  of b a c k f l u s h i n g  of  t h e  columns. 
i t  i s  p o s s i b l e  t o  q u a n t i f y  each o f  t h e  f r a c t i o n s  i n  the  bitumen. 

Using a 254 nm UV d e t e c t o r  

EXPER I MENTAL 

The l i q u i d  chromatograph used i n  t h i s  s tudy was a Var ian Model 8500 
dual  sy r i nge  pump ins t rumen t  equipped w i t h  a Var ian Aerograph 254 nm UV 
d e t e c t o r  connected to a Var ian  CDS I l l  Data System. The columns used were a 
25 cm Var ian Aerograph Micropak CH-10 connected i n  s e r i e s  w i t h  a 25 cm Var ian 
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Two mob i le  phase systems can be used t o  achieve the  separat ion.  
One system employed 99% methanol-I% isopropanol f o r  4 minutes, 40% o f  t he  99% 
methanol-1% isopropanol  mixture-60% te t rahyd ro fu ran  f o r  10 minutes and 
f i n a l l y  100% THF f o r  10 minutes. The second system used 90% a c e t o n i t r i l e - l O %  
water f o r  5 minutes fo l l owed  by 50% a c e t o n i t r i l e  mixture-50% methylene c h l o r i d e  
f o r  10 minutes fo l l owed  f i n a l l y  by 100% methylene c h l o r i d e  f o r  10 minutes. 
Separation achieved by t h e  two methods i s  comparable and i s  accomplished i n  
25-30 minutes u s i n g  a f l o w  r a t e  o f  60 cc/hr. 

The b i tumedheavy  crude samples a r e  d i sso l ved  i n  methylene c h l o r i d e  
a t  a concen t ra t i on  of 10-20 mg/ml w i t h  2-5 V I  o f  sample being i n j e c t e d  on t h e  
c o l  umns . 

D I S C U S S I O N  AND RESULTS 

F igu re  1 shows a t y p i c a l  chromatogram o f  t h e  separat ion o f  sa tu ra tes  
and aromatics, res ins ,  and asphaltenes i n  samples o f  Athabasca Bitumen. 
Superimposed on t h e  chromatogram i s  a p l o t  o f  t he  change i n  the  so l ven t  
g rad ien t  du r ing  t h e  ana lys i s .  

Chromatograms o f  aromat ics and res ins  m a t e r i a l  obta ined by separa t i on  
on passage through a t tapu lgus  c l a y  and s i l i c a - a l u m i n a  columns success i ve l y  
a r e  g iven i n  F igures 2 and 3 respec t i ve l y .  
aromatics produced by column chromatography con ta in  m a t e r i a l  t h a t  we c l a s s i f i e d  
as res ins  by t h i s  procedure w h i l e  t h e  r e s i n  samples con ta in  some a romat i c  
m a t e r i a l  and a l s o  some asphaltene m a t e r i a l .  
sample obta ined by pentane p r e c i p i t a t i o n  i s  g iven i n  F igu re  4 which shows t h e  
presence o f  a r e s i n s  peak. It i s  ev iden t  f rom these chromatograms t h a t  a 
very s i m i l a r  f r a c t i o n a t i o n  o f  t h e  bitumen I s  obta ined i n  our HPLC method as 
compared t o  t h e  convent ional  column separat ion.  Saturates m a t e r i a l  i n  t h e  
bitumen i s  e l u t e d  w i t h  t h e  aromat ics f r a c t i o n  however s ince  sa tu ra tes  
absorpt ion a t  254 nm i s  n e g l i g i b l e  they a r e  no t  detected. 
t h e  amount o f  aromat ics,  r e s i n s  and asphaltenes t h e  percentage o f  each o f  t h e  
f o u r  f r a c t i o n s  i n  a bitumen sample can be determined. 

The chromatograms show t h a t  t h e  

A chromatogram o f  an asphal tene 

By e v a l u a t i o n  o f  

CONCLUSIONS 

The HPLC method discussed i n  t h i s  paper achieves a separa t i on  o f  
bitumen i n t o  i t s  c l a s s  components i .e . ,  asphaltenes, res ins  and m i x t u r e  o f  
aromatics and sa tu ra tes ,  i n  p ropor t i ons  comparable t o  t h a t  obta ined i n  c l a s s i c a l  
separat ion by asphaltene p r e c i p i t a t i o n  w i t h  pentane and subsequent successive 
passage through a t tapu lgus  c l a y  and s i l i c a  alumina columns. 
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COMPARISON OF METHODS FOR DETERMINING ASPHALTENES I N  
COAL-DERIVED LIQUID FUELS 

H. Schultz and M. J. Mima 

DEPARTMENT OF ENERGY 
PITTSBURGH ENERGY RESEARCH CENTER 

4800 Forbes Avenue 
Pi t t sburgh ,  Pennsylvania 15213 

There is a t  present  no s tandard method f o r  the determinat ion of asphal tenes  i n  t h e  
products of c o a l  conversion,  nor  is there  any known re la t ionship  between the values  
f o r  asphal tene concent ra t ion  produced by the  var ious  a n a l y t i c a l  methods cur ren t ly  
i n  use,  Lacking a s tandard method of ana lys i s ,  a r e  comparisons of the  coa l  conver- 
sion products of t h e  var ious  processes  poss ib le?  The research described i n  t h i s  
paper a t tempts  t o  answer t h i s  quest ion a t  l e a s t  in p a r t .  

Five d i f f e r e n t  so lvent  s e p a r a t i o n  methods which a r e  cur ren t ly  i n  use f o r  determining 
asphal tenes  i n  coal-derived l i q u i d s  have been s tudied i n  the a n a l y t i c a l  chemistry 
labora tory  of t h e  P i t t s b u r g h  Energy Research Center of the U. S. Department of 
Energy. 
from t h e  Center ' s  0 .5  ton-per-day hydrodesulfur izat ion p lan t .  
produced using a fixed-bed cobalt-molybdenum c a t a l y s t ,  4,000 p s i  hydrogen, and a 
temperature of 450 O C .  The Homestead, Kentucky coal  w a s  s l u r r r i e d  i n  coal-derived 
o i l  (35% by weight coa l )  and fed t o  the p lan t  a t  25 pounds per hour. A s i n g l e  
sample of t h e  l i q u i d  product was taken, separated i n t o  f i v e  por t ions ,  and s tored  
i n  t h e  r e f r i g e r a t o r  under n i t rogen .  

The material chosen f o r  t h e  t e s t s  was a l i q u i d  product which was produced 
The material w a s  

Twenty r e p l i c a t e  determinat ions of asphal tenes  w e r e  made with each t e s t  method, 
re ly ing  not only on w i t t e n  procedures but  a l s o  on personal  contac ts  with the 
au thors  of each method. D a t a  c o l l e c t e d  include weight percent asphal tenes ,  
inso lubles ,  and oils. Standard devia t ions  were ca lcu la ted  f o r  each method and 
s t a t i s t i c a l  comparisons made between methods. 

The following a r e  s h o r t  d e s c r i p t i o n s  of t h e  f i v e  procedures s tudied:  

Method A: A ten-gram sample is ext rac ted  with benzene i n  a Soxhlet apparatus. The 
benzene is removed on a steam bath,  and 5 m l .  of benzene a r e  added t o  the  residue.  
Asphaltenes a r e  p r e c i p i t a t e d  with 250 m l  of n-pentane, and separated by f i l t r a t i o n  
through the  paper. 

Method B: 
n-pentane is added. 
and then centr i fuged.  The supernatant  l i q u i d  is decanted i n t o  a ro ta ry  evaporator 
f l a s k  and t h e  pentane washing procedure and cent r i fuga t ion  repeated t h r e e  times. 
The combined supernatant  s o l u t i o n s  a r e  then evaporated with ni t rogen t o  recover 
t h e  o i l .  Benzene is added t o  t h e  inso luble  mater ia l  i n  the cent r i fuge  tubes and 
t h e  mixing, sonica t ion ,  and c e n t r i f u g a t i o n  a r e  c a r r i e d  out  i n  t h e  same manner as 
w i t h  t h e  n-pentane. The supernatant  benzene so lu t ions  a r e  combined, evaporated 
under ni t rogen,  and f i n a l l y  freeze-dried t o  obta in  t h e  asphal tenes .  

A three-gram sample is frozen and pulver ized i n  l i q u i d  n i t rogen  and 
The sample is mixed and crushed while in an  u l t r a s o n i c  bath,  

Method C: 
apparatus .  
w a t e r  asp i ra tor .  

A three-gram sample is ext rac ted  under n i t rogen  with toluene i n  a Soxhlet  
The toluene is removed from t h e  e x t r a c t  i n  a ro ta ry  evaporator using a 

Exact ly  two m l  of toluene per gram of so luble  mater ia l  a r e  added 
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and t h e  asphal tenes  are p r e c i p i t a t e d  with a volume of n-pentane equal  t o  twenty 
times t h e  volume of toluene t h a t  w a s  added. The p r e c i p i t a t e  i s  then ex t rac ted  with 
n-pentane in a Soxhlet apparatus .  

Method D: Ten grams of sample a r e  mixed wi th  benzene, s t i r r e d  f o r  30-60 minutes a t  
30 "C, and centr i fuged.  The benzene s o l u t i o n  i s  decanted and t h e  res idue  i s  washed 
with f r e s h  benzene four  times. The so lvent  i s  s t r ipped  from the  combined super- 
n a t a n t  l i q u i d  i n  vacuo a t  30 "C, and f i n a l l y  the material is freeze-dr ied.  The 
r e s i d u e  i s  dissolved i n  f i v e  m l .  of benzene and t h e  asphal tenes  are p r e c i p i t a t e d  
wi th  a l i t e r  of  hexane. The s o l i d s  are separated by cent r i fuga t ion ,  t h e  super- 
n a t a n t  i s  s t r ipped  of hexane, and t h e  p r e c i p i t a t i o n  procedure is repeated.  The 
supernatants  are combined and s t r ipped  as before ,  and t h e  asphal tenes  are freeze-  
d r i ed .  

Method E: 
centr i fuged and then f i l t e r e d  through paper under cover of n i t rogen .  The res idue  
i n  the  cent r i fuge  tubes is ref luxed with benzene, centr i fuged,  and f i l t e r e d  t h r e e  
more times. The co l lec ted  e x t r a c t s  are evaporated under vacuum i n  a r o t a r y  evapo- 
r a t o r  a t  105 OF. Cyclohexane i s  added t o  p r e c i p i t a t e  t h e  asphal tenes  and t h e  
mixture  is ref luxed under ni t rogen.  Centr i fugat ion and f i l t r a t i o n  are c a r r i e d  o u t  
as above and are repeated once o r  twice depending on t h e  co lor  of t h e  supernatant  
l i q u i d .  The r e f l u x  f l a s k ,  cen t r i fuge  b o t t l e s ,  and f i l t e r  paper are d r i e d  i n  vacuo 
and weighed t o  obta in  t h e  weight of t h e  asphal tenes .  

Table 1 shows t h e  r e s u l t s  obtained wi th  t h e  f i r s t  t h ree  methods descr ibed above: 

Table 1. - Resul ts  with Methods A, B, and C 

A 25-gram sample is ref luxed with benzene. The supernatant  l i q u i d  i s  

% Inso lubles  +Is % Asphaltenes f l s  % Oils t ls  

Method A 5.2 f0.3 26.9 t0 .7  67.9 f0.7 (by d i f fe rence)  

Method B 7.6 t0.5 23.8 t0 .7  67.2 f0.9 

Method C 4.6 f0.5 22 f 2  70 t 3  

The d a t a  i n d i c a t e  t h a t  t h e  r e l a t i v e  s tandard devia t ions  f o r  asphal tenes  range from 
2.6 t o  6 .8%,  wel l  wi th in  t h e  range of a c c e p t a b i l i t y  f o r  a separa t ion  procedure f o r  
coal-derived materials. There w a s  considerable  v a r i a t i o n  between methods i n  the  
length  of time necessary t o  complete an  a n a l y s i s ,  i n  t h e  amount of t i m e  expended 
by t h e  ana lys t ,  and i n  t h e  product ion rate. 

I n  order  t o  determine i f  t h e  a n a l y t i c a l  r e s u l t s  produced by each of t h e  methods 
were s i g n i f i c a n t l y  d i f f e r e n t ,  Student 's  ' t '  t e s t  w a s  appl ied  t o  t h e  average of t h e  
20 r e p l i c a t e  analyses .  Table 2 shows t h e  f ind ings  obtained with t h e  f i r s t  t h ree  
methods. 

Table 2. - Signif icance* of Differences Between Methods 

Methods Compared Inso lubles  Asphaltenes - O i l s  

A VS. B S i g n i f i c a n t  S i g n i f i c a n t  Not s i g n i f i c a n t  

Avs. C S igni f icant  S i g n i f i c a n t  Not s i g n i f i c a n t  

B vs .  C S i g n i f i c a n t  Not s i g n i f i c a n t  Not s i g n i f i c a n t  

*Student's ' t '  test - a t  t h e  95% confidence l e v e l .  
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It is evident t h a t  i n  ha l f  t h e  comparisons made the  d i f fe rence  proved t o  b e  
s i g n i f i c a n t .  From t h e  r e s u l t s  obtained i n  t h i s  s tudy one can surmise t h a t  t he  
conclusions drawn from the  comparison of t h e  analyses  of coal-derived l i q u i d s  
produced by d i f f e r e n t  a n a l y t i c a l  procedures are problematical  a t  bes t .  One can 
a l s o  conclude t h a t  some acceptab le  "standard" method f o r  t h e  determinat ion of 
asphal tenes  i n  coal-derived l i q u i d s  is urgent ly  needed. 
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